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Preface
This thesis is submitted as a partial fulfillment of the requirements for the Danish Ph.D.
degree. The thesis is based on experimental investigations conducted as part of the
Ph.D. project “Transport and corrosion in cracked reinforced concrete,” undertaken at
the Department of Civil Engineering at the Technical University of Denmark (DTU Byg),
Lyngby, Denmark between August 2005 and July 2009. The thesis consists of the following
three parts:
I Introduction and summary
II Appended papers
III Appendix
Part I is the main thesis, which includes reviews of previous research, descriptions and
results of all experiments carried out, discussion of results, and conclusions. Part II is a
collection of four papers completed as part of the Ph.D. project. Part III is a collection of
four appendices which were developed through the Ph.D. project. Appendix A includes a
questionnaire and the resulting report which were used to help focus Ph.D. study based on
the views of numerous experts with industrial/in-field experience. Appendix B provides
additional details concerning the concrete constituent materials, while Appendices C and
D are practical user guides on the photogrammetry and x-ray equipments, respectively,
prepared for future researchers at the Technical University of Denmark.
The principal supervisor of the Ph.D. project was Associate Professor Mette Geiker from
DTU Byg with co-supervisors Henrik Stang, also from DTU Byg, and Jason Weiss from
the Purdue University School of Civil Engineering. Experimental works were carried out
at DTU Byg and in the Charles Pankow Concrete Materials Laboratory at the Purdue
University School of Civil Engineering.
Lyngby the 6th of September 2010
Brad J. Pease
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Abstract
Reinforced concrete is known to crack due to restrained hygral/thermal shrinkage, various
expansive reactions, and the application of mechanical load. In particular, load-induced
cracks are unavoidable in reinforced concrete structures as concrete cracking is required
to engage the tensile capacity of the embedded steel. Cracks provide a path of least resis-
tance for transport of moisture, chlorides, and various other deleterious substances, which
may affect durability and structural performance. Cracks, reaching the depth of the steel
reinforcement in reinforced concrete structures, have been shown to allow rapid depassi-
vation of reinforcement and corrosion initiation in some cases. The goal of this work is to
investigate the possibility of a link between cracking behavior of concrete and subsequent
transport of moisture and chloride ions through the cracked material. Furthermore, the
influence cracking has on the initiation of reinforcement corrosion was investigated as part
of this Ph.D. study.
The cracking behavior was investigated using several experimental methods applied to
the wedge splitting test specimen geometry. Two mixture designs were utilized, one or-
dinary concrete and one steel fiber reinforced concrete, in order to have mixtures with
distinctly different fracture properties and cracking behaviors. Fracture properties were
determined using the wedge splitting test specimen by performing inverse analysis of
measured load-crack opening displacement response. Cracking behavior was investigated
by impregnating cracked specimens with a fluorescent epoxy and making plane and thin
sections. Moisture ingress was measured for the cracked specimens using non-destructive
x-ray equipment, which detects variations in density caused by moisture entering concrete
pores and cracks. By repeating measurements over time, the moisture front was tracked in
cracked wedge splitting test specimens. Chloride ingress was measured through destruc-
tive testing after exposing several similarly mechanically loaded specimens to chloride
contaminated water for various periods of time. The samples were split after exposure
and the ingress front of chloride ions was detected by spraying the surface with silver
nitrate. Comparisons of the cracking and ingress behaviors indicate only a portion of the
crack length readily allows ingress of water. A portion of the crack, near the crack tip,
restricts ingress of water.
To assess the influence of cracking on corrosion of reinforcement, an instrumented rebar
was developed as part of the Ph.D. project. The instrumented rebar, which were cast
into three point bending beam specimens, assess the aggressivity of the local environment
towards corrosion of the steel reinforcement. Results indicated the length along the in-
strumented rebar where active corrosion was thermodynamically favored increased with
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exposure time. Through this investigation, it was hypothesized that the extent of debond-
ing along the concrete-reinforcement interface is more important than simple surface crack
width measurements in terms of depassivation and corrosion of reinforcement.
Resume´
Revner opst˚ar i armeret beton p˚a grund af fugt- og temperaturbetinget svind, ekspan-
sive reaktioner og mekanisk belastning. Revner for˚arsaget af mekaniske belastninger er
en forudsætning for, at trækstyrken af den indstøbte st˚alarmering udnyttes og s˚aledes
en naturlig del af trækbelastede konstruktionsdele. Revner giver mindre modstand mod
transport af fx fugt og chloridioner, som kan p˚avirke holdbarhed og funktion af kon-
struktionen. Revner med kontakt til armeringen kan s˚aledes for˚arsage depassivering og
korrosion af denne.
Forma˚let med det her rapporterede arbejde var at undersøge a) sammenhængen mellem
revnedannelse i beton og transport af fugt og chloridioner gennem det revnede materiale
og b) indflydelse af revnedannelse p˚a initiering af armeringskorrosion.
Revnedannelse og transport af fugt- og chloridioner blev undersøgt ved hjælp af flere
eksperimentelle metoder. Disse undersøgelser blev udført p˚a betonprøver til ”wedge split-
ting test”. To betontyper blev anvendt for at variere revneformen, en traditionel be-
ton og en st˚alfiberarmeret beton. Brudegenskaberne blev bestemt ved invers analyse
af last-deformationskurver. Revnedannelsen blev beskrevet p˚a basis af plan- og tynd-
slib af prøver imprægneret med fluorescerende epoxy. Fugtindtrængning blev ma˚lt ved
hjælp af røntgenabsorption, hvorved variationer i massefylde registreres. Fugtfrontens
position som funktion af tiden blev bestemt ved gentagne røntgenabsorptionsm˚alinger.
Chloridindtrængning blev bestemt til udvalgte tidspunkter ved at flække prøverne og
p˚asprøjte sølvnitrat, som reagerer med chloridioner. Sammenligning af revner og in-
dtrængning viste, at en del af revnen gav direkte adgang for indtrængende væske, mens
indtrængning skete langsommere i en afstand optil 16 mm eller mere fra revnespidsen.
En instrumenteret armeringsstang med sytten individuelle sensorer blev udviklet for at
undersøge indflydelsen af revner langs armeringen p˚a initieringen af armeringskorrosion
blev. Den instrumenterede armeringsstang blev indstøbt i betonbjælker, som blev belastet
ved tre-punkt-bøjning, og en chloridopløsning blev tilført fra en beholder monteret over
revnen. Det elektrokemiske potentiale af sensorerne blev bestemt løbende gennem flere
uger, og armeringen blev efterfølgende frilagt, s˚a korrosionsomfang og chloridindtrængning
kunne bestemmes. Ma˚lingerne indikerer, at revnedannelse i grænsefladen mellem beton og
armeringen har større indflydelse p˚a armeringens elektrokemiske tilstand end revnevidden
p˚a betonens overflade.
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Chapter 1
Introduction
1.1 Background
1.1.1 Basics of reinforced concrete
Reinforced concrete (RC) is a versatile and widely used composite building material con-
sisting of concrete and embedded reinforcement, which is typically steel. Figure 1.1 shows
several applications of RC, which can be shaped, textured, and colored for architectural
and aesthetic considerations. Structural designers utilize RC as a composite material,
where concrete is relied upon to resist compressive load and steel resists tensile loads as
concrete is relatively weak in tension. Concrete cracking is required in the composite
material in order to fully engage the tensile capacity of the reinforcement and to ensure
a safe (i.e. non-brittle) structural response of the structure to load.
Concrete, in an uncracked condition, provides an effective cover to protect reinforcement
from corrosion. The high alkalinity of concrete pore solution, as discussed further in
Chapter 4, places reinforcing steel in a thermodynamically passive corrosion region where
corrosion rates are practically negligible. Additionally, concrete (especially concretes with
low water-to-cement ratios, supplementary cementitious materials, etc.) provides a dense
covering material over reinforcement. As described in Chapter 3, this slows the ingress
of various aggressive substances (e.g., chloride ions, carbon dioxide, moisture, oxygen),
which contribute to reinforcement corrosion.
Reinforcement is typically provided by high strength steel reinforcing bar (rebar). While
other rebar materials such as stainless steel and fiber reinforced polymers provide addi-
tional corrosion resistance, the associated cost increase limits the use of these materials.
Reinforcement corrosion can present a danger to structural stability (through loss of ten-
sile load capacity, concrete spalling, etc.) and durability. Deterioration of RC structures
through reinforcement corrosion may lead to costly repairs, need for replacement, or po-
tentially dangerous conditions where sudden structural failures may occur.
1.1.2 Concrete cracking
Cracking of concrete and reinforced concrete may occur, as illustrated in Figure 1.2, due to
a multitude of potential mechanisms. Types of cracks include the following, with symbols
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Introduction 1.1 Background
Figure 1.1 Various structural and architectural applications of RC, including (clockwise
from top left) the atrium of the Transamerica Pyramid in San Francisco, Cali-
fornia; Fernsehturm ‘television tower’ in Berlin, Germany; Øresund Bridge and
tunnel between Denmark and Sweden; and faux-wood concrete railing on Jeju
Island, S. Korea. (Author’s photos)
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Figure 1.2 Examples of intrinsic cracks in hypothetical concrete structure, from [Concrete
Society Report, 1992; Neville, 1996].
corresponding to those in Figure 1.2:
• Plastic settlement cracking:
A – Over reinforcement in deep sections
B – Arching at column tops
C – Changes in cross-sectional depth
• Plastic shrinkage cracking:
D – Diagonal cracking of slabs
E – Random cracking
F – Over slab reinforcement
• Thermal shrinkage cracking due to:
G – External restraint
H – Internal restraint
• I – Shrinkage cracking
• Crazing:
J – Against the formwork
K – Over troweling
• L – Corrosion induced cracking
• M – Alkali-aggregate reaction induced cracking
• N – Blistering of slabs cause by trapped bleed water
• P – D-cracking due to freeze-thaw damage
• Load-induced cracking:
◦ Tension and bending cracking
◦ Shear cracking
Department of Civil Engineering - Technical University of Denmark 5
Introduction 1.1 Background
The majority of these cracks can be largely avoided through proper mixture design, place-
ment, compacting, finishing, and curing techniques. However, load-induced cracking is
inevitable in RC structures as described above.
1.1.3 Predicting service life of reinforced concrete structures
Service life models, such as DuraCrete [DuraCrete, 2000], fib [fib Bulletin 34 , 2006],
Life-365 [Ehlen et al., 2009; Life-365 Consortium II , 2010], 4sight [Synder , 2001], Hetek
[Nilsson et al., 1996, 1997; Frederiksen and Poulsen, 1997], Stadium [SIMCO, 2009], etc.,
have been developed to provide tools to estimate the length of time during which a RC
structure maintains a desired level of functionality. Figure 1.3 illustrates the basic ap-
proach of these service life models. Two phases exist in the service life of a RC structure –
initiation and propagation phases. A limit state is set as the end of service life of a given
RC structure, at which time either maintenance/repair or demolition is required. In some
cases the propagation phase is considered as part of the service life [Life-365 Consortium
II , 2010]. However, uncertainties during the propagation phase typically lead to the end
of the initiation phase also indicating the end of the predicted service life.
Figure 1.3 Schematic of a service life model for RC, after [Tuutti, 1982a].
During the initiation phase, the RC structure is exposed to environmental and mechanical
loading. Substances that may lead to the initiation of corrosion, such as chloride ions or
carbon dioxide, penetrate into the concrete cover during the initiation phase. Service life
models for reinforcement corrosion estimate the time required for a critical amount of
these aggressive substances to reach the level of the reinforcement. At that time, corro-
sion of the reinforcement is probable and the initiation phase of the service life ends.
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During the corrosion propagation phase, the reinforcement cross-section reduces and cor-
rosion products are deposited within the concrete. Reduction in reinforcement cross-
section affects load carrying capacity and may lead to structural failure, while the ex-
panded volume of corrosion products may cause cracking and spalling of covering con-
crete. The rate of concrete deterioration increases greatly during the corrosion propaga-
tion phase, compared to the initiation phase. Extensive research work has been conducted
on modeling the effects of corrosion propagation, including reinforcement cross-section re-
duction [Hasegawa et al., 2004; Isgor and Razaqpur , 2006] and damage to the concrete
cover [Alonso et al., 1998; Liu and Weyers , 1998; Li , 2003; Vu et al., 2005; Ahmed et al.,
2007; Li et al., 2008; Hwan Oh et al., 2009]. However, numerous factors, including envi-
ronmental conditions (temperature and relative humidity), loading of the structure (dy-
namic or static), material properties of the concrete after years of service, etc., influence
the propagation phase, causing uncertainties with such predictions.
The potential benefits of service life modeling has become more recognized in the civil
engineering community as owners’ service life requirements continue to increase, while
little information on reaching such requirements is provided in structural design codes.
For example, service life’s of 100 to 200 years are becoming more common in Denmark
and internationally (e.g., Great Belt and Øresunds Links in Denmark were designed for a
100 year service life and the proposed Messina bridge between Sicily and Italy will have
a 200 year service life); however, the concrete cover thicknesses specified in [EuroCode2,
2003] assume a service life of 50 years. American design codes do not provide estimated
service life’s from the specified concrete cover thicknesses [ACI Committee 318 , 2008;
AASHTO , 2007]. Service life models therefore aid designers in determining adequate
concrete diffusion coefficients and cover thicknesses to ensure these requirements are met
by the uncracked concrete.
While the benefits of existing service life models are clear, improvements are still needed to
more accurately portray actual as-built RC structures. One area in which further scientific
knowledge is needed to improve service life models is the role of cracking on durability
of RC structures. As discussed above, concrete cracks form through various physical
and chemical processes (Figure 1.2) and at varying periods of the lifetime of a structure.
In particular, mechanical load-induced cracking is unavoidable in RC. As discussed in
Chapters 3 and 4, respectively, cracking can enable rapid ingress of aggressive substances
and an accelerated depassivation of reinforcing steel. This may reduce the initiation
phase of the service life (Figure 1.3) and cause accelerated deterioration of RC structures
compared to model predictions.
1.2 Scope and objectives
The general objective of this Ph.D. study was to investigate the effect cracking has on the
ingress and corrosion behavior of RC. To narrow the scope of the study it was decided to
focus on partially saturated concretes and mechanical load-induced V-shaped cracks, as
mechanical load-induced cracks are unavoidable in practice. In a series of experimental
specimens the fracture mechanics properties, ingress behavior of water and chloride con-
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taminated water, and corrosion initiation behavior was investigated.
The main objectives of this research were:
• To quantify the effect cracks, of varying dimension, have on ingress of liquid water
through concrete,
• To assess the effect changing fracture properties have on cracking and ingress be-
haviors,
• To link these ingress behaviors to a mechanical model which describes the cracking
behavior of concrete, and
• To study the effect cracks have on the thermodynamic state of steel reinforcement
as a function of distance from a crack in RC.
1.3 Testing paradigm
Table 1.1 lists all test completed and presented throughout this thesis. Additional details
and descriptions of each test method are provided in the following chapters. As shown,
two mixtures were used for some testing. Details of the mixture designs are presented in
Chapter 2.
Table 1.1 Overview of test methods/purpose and the number of individual samples used
for each test.
Test method Test purpose
Number of specimen used
Mixture 1 Mixture 2
Wedge split testing
Fracture parameter determination 3 3
Assessment of effect of plastic shims - 2
Assessment of cracking behavior 3 1
Water ingress testing 7 7∗
Chloride ion ingress testing 12 12
Three point bending beam† Assessment of cracking behavior 1 -Corrosion testing 6 -
∗ Water ingress results not presented in thesis
† Beams cast with an instrumented rebar
1.4 Organization of contents
This thesis is divided into three parts, including:
I Introduction and summary
II Appended papers
III Appendices
Part I, which is the main thesis, includes reviews of previous research, descriptions and
results of all experiments carried out, discussion of results, and conclusions. The contents
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of the chapters comprising Part I are summarized in the following paragraphs. Part II
is a collection of four papers completed as part of the Ph.D. project. These papers were
utilized during the writing of, and are referenced within, this thesis. However, the the-
sis is a stand-alone document containing information not yet published in the appended
papers or elsewhere. Part III is a collection of four appendices which were developed
through the Ph.D. project. Appendix A includes a questionnaire and the resulting re-
port which were used to help focus Ph.D. study based on the views of numerous experts
with industrial/in-field experience. Appendix B provides additional details concerning
the concrete constituent materials. Appendix C is a quick guide for the setup, use, and
analysis of data from the photogrammetric equipment used (called Aramis). The author
was one of the initial user of the equipment at DTU Byg and the guide was created after
his experience to assist future users. Similarly, Appendix D is a practical guide to the use
of the x-ray attenuation system located at DTU Byg. During the term of the presented
Ph.D. study a major update of the equipment was completed, namely, installation of an
‘x-ray camera’ (see Chapter 4). The author was the first user after the update and a
practical guide was developed based on his experience to assist future users with the basic
and advanced operations of the system and analysis of x-ray attenuation images. Part I
is organized as follows.
Chapters 2 to 4 present detailed descriptions of the experimental works completed. Each
chapter consists of an introduction section, an experimental procedures section, a results
section, and a summary and conclusions section. The introduction sections present a
background of knowledge including basic principles and a literature study. The experi-
mental procedures sections present details of the testing completed as parts of this Ph.D.
study. The result sections present and discuss the results of experiments completed, while
all major findings are listed in the summary and conclusions sections.
Chapter 2 introduces the wedge splitting test specimen, which was utilized extensively
through this research, as well as the mixture proportions used throughout this work.
Fracture properties were determined for each mixture through inverse analysis of the ex-
perimental data by applying a cracked hinge model to the wedge splitting test specimen
geometry. Optimization and sensitivity analysis of the inverse analysis results indicate a
3–slope cohesive law provides the optimal number of degrees of freedom to both accurately
and repeatedly fit experimental data. Cracked specimens, impregnated by a fluorescent
epoxy, indicated cracking occurred at locations in the wedge splitting test specimen which
violate assumptions of the applied cracked hinge model; therefore, photogrammetry mea-
surements were also used to determine fracture properties. Additionally, comparison of
measured and estimated crack profiles show that cracks in the wedge splitting test speci-
men consist of a coalesced crack which follows a region of non-coalesced cracking that has
a relatively consistent length. Finally, it was found that inserting plastic shims into the
cracked wedge splitting specimens drastically reduced crack width recovery, which was an
important observation for the work presented in Chapter 3.
Chapter 3 describes the use of cracked wedge splitting test specimens to assess the in-
fluence cracking has on ingress of moisture and chloride ions. Cracked specimens were
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exposed to liquid water and the ingress behavior was monitored using x-ray attenuation
measurements. Chloride ingress was observed by splitting specimen and spraying with
silver chloride. It was found that as the crack mouth opening displacement increases
moisture and chloride ions reached deeper into the WST specimens. X-ray attenuation
measurements indicated that only a portion of the crack length has a free surface sorption
behavior, while a consistent length of the total crack inhibits water sorption. This relates
to the observation from Chapter 2 that a portion of the crack is not coalesced.
In Chapter 4 a new type of instrumented rebar is described, which was designed to mea-
sure local environmental condition along the length of the rebar, to assess how cracking
influences reinforcement corrosion. The instrumented rebars were cast along with a stan-
dard rebar into three point bending beams, which were loaded to induce cracks of varying
width and were exposed to a chloride solutions. It was found that the instrumented rebar
had a similar mechanical behavior as standard rebar, carrying tensile loads and inducing
similar cracking at the concrete/steel interface and in the concrete. Measurements from
the instrumented rebar indicated that increased crack width allowed the local environ-
ment to changed more rapidly, favoring depassivation of the reinforcement. However,
results indicated the length along the instrumented rebar where depassivation of the steel
was favored due to the environment was significantly larger than the length where active
corrosion was actually observed. This was explained as the formation of anodic site ‘pro-
tects’ other regions of the reinforcement where the environment favored depassivation.
One beam was impregnated with fluorescent epoxy to highlight the cracks. Comparison
of the cracking behavior to other measurements seems to indicate the slip and separation
between the reinforcement and concrete more fundamentally affects reinforcement corro-
sion in cracked concrete, rather than the surface crack width.
Chapter 5 compares and discusses selected results presented in the preceding chapters and
from the appended papers in Part II. Data from the multiple experiments is compared
to construct an argument for a model which combines fracture and ingress behavior.
Additionally, the effect damage along the interface of concrete and steel reinforcement
has on reinforcement corrosion is discussed. The chapter also provides a listing of the
conclusions based on the observations made in this research.
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Chapter 2
Determination of fracture properties
of unreinforced concrete
2.1 Introduction
This chapter presents investigations using wedge splitting test (WST) specimen to deter-
mine fracture properties and cracking behavior of the concrete and steel fiber reinforced
concrete (SFRC) mixtures used throughout the presented Ph.D. project. Section 2.1
introduces important terms and principles of fracture mechanics and properties and de-
scribes the application of fracture mechanics to cementitious materials. Details of the
experimental investigation completed as part of this project are presented in Section 2.2.
Results and discussion of results are presented in Section 2.3. Conclusions of these inves-
tigations are presented in Section 2.4.
The following sections provide a brief review of the development of fracture mechanics over
the past century including testing and analysis procedures for determination of fracture
mechanics properties in cementitious materials. The intent of this section is to introduce
terms and concepts important to the work completed as part of this Ph.D. study. This
is not intended to be a complete review of the field as such information is available
elsewhere (e.g., [Shah et al., 1995; Karihaloo, 1995; van Mier , 1997; ACI Committee 446 ,
1991; Anderson, 2005]).
2.1.1 Fracture mechanics of concrete
Linear elastic fracture mechanics
Fracture mechanics was first introduced, in the form of linear elastic fracture mechanics
(LEFM), by A. A. Griffith to describe the fracture behavior and size effect of glass and
other brittle materials [Griffith, 1920]. Griffith determined that a remote stress applied
to a brittle material causes stresses near a crack tip to approach infinity, as shown in
Figure 2.1. Based on this observation, Griffith and later Irwin [Irwin, 1957] showed the
process of crack propagation can be idealized as a energy balance in which one side of the
balance holds the energy required to create a new surface and the other holds a change in
potential energy. Equation 2.1 expresses this energy balance, according to Griffith (first
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part) and Irwin (second part):
σc =
√
EGc
pia
=
KIc√
pia
(2.1)
where σc is the critical stress level, E is elastic modulus, a is the initial crack length,
and Gc is the critical energy release rate (Griffith formulation) and KIc is the critical
stress intensity factor (Irwin formulation). Gc and KIc are both material properties. In
both formulations, if σ < σc the material is capable of carrying such load without further
cracking, while if the critical stress is reached uncontrolled cracking and failure occurs.
Figure 2.1 Stress distribution near crack tip according to linear elastic fracture mechanics
Griffith used Equation 2.1 to explain experimental results indicating that reducing cross-
section of a piece of glass increased its strength. The initial crack length, a represents
defects intrinsic to the material, surface defects and scratches in the case of glass. Other
examples of intrinsic material defects include point or dislocation defects in metals and
pores, cracks, etc. in the cementitious materials.
The experimental foundation of Griffith’s work [Griffith, 1920] was tensile testing, re-
sulting in Mode I, or opening mode, fracture. Figure 2.2 shows the possible crack tip
deformation modes including Mode I – opening mode, Mode II – sliding or shearing
mode, and Mode III – tearing mode. Irwin [Irwin, 1957] determined the order of the
stress singularity near crack tip shown in Figure 2.1 holds for all fracture modes; how-
ever, the critical stress intensity factor is a function of the fracture mode. Therefore KIc,
KIIc, and KIIIc correspond to the critical stress intensity factor for mode I, II, and III,
respectively, and all are material properties.
Attempts to apply LEFM to cementitious materials determined a size-dependency in
values of Gc and KIc [Karihaloo, 1995; ACI Committee 446 , 1991]. A critical assumption
of LEFM concerns the size of the fracture process and non-linear zones. As shown in
Figure 2.3(a), LEFM assumes a minute region of non-linear behavior. This assumption
is largely correct for brittle materials. Ductile and quasi-brittle fracture however have
12 Department of Civil Engineering - Technical University of Denmark
2.1 Introduction Determination of fracture properties of unreinforced concrete
(a) (b) (c)
Figure 2.2 Fracture modes include (a) mode I opening, (b) mode II sliding, and (c) mode
III tearing [Mindess et al., 2003].
much larger non-linear regions as shown in Figure 2.3(b) and (c), respectively. Therefore,
non-linear elastic fracture mechanics (NLEFM) approaches have been developed and have
emerged as powerful and increasingly accepted techniques to describe the load response
of cementitious and other quasi-brittle materials. The development of NLEFM is shortly
described below.
(a) (b) (c)
Figure 2.3 Conceptualistic schematic of (a) linear elastic fracture mechanics, (b) non-
linear plastic fracture mechanics, and (c) non-linear quasi-brittle fracture me-
chanics. Regions in the schematics include the linear zone (L), non-linear zone
(N), and fracture process zone (F) [Bazant, 1985; ACI Committee 446, 1991;
Karihaloo, 1995].
Non-linear elastic fracture mechanics
Cohesive crack models, introduced in [Barenblatt , 1959] and [Dugdale, 1960] for metals,
consider the energy required to initiate and propagate a crack and the ability of stresses
to be transferred across a crack up to a particular, critical width. Based on these prin-
ciples Hillerborg’s fictitious crack model [Hillerborg et al., 1976] was initially developed
for concrete and later shown to be applicable to fiber reinforced concrete [Hillerborg , 1980].
Hillerborg’s fictitious crack model assumes a linear-elastic response until the tensile strength
has been reached. Crack propagation commences when the tensile strength is exceeded;
however, stresses still transfer across the crack in a fracture process zone which consists of
microcracking, aggregate and fiber bridging, and other toughening mechanisms as shown
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in Figure 2.4. In the Hillerborg approach fracture energy is consumed in the fracture-
process zone, which in theory causes a smooth crack closure, a zero stress intensity factor
at the crack tip, and transfer of stress controlled by the crack width opening. The stress
distribution and transfer of stress across the fracture process zone in cracked concrete is il-
lustrated in Figure 2.5. Figure 2.6 shows the material responses used in the fictitious crack
model (i.e., fracture properties), starting with a linear-elastic response (Figure 2.6(a)) up
to a critical stress level, σc, causing cracking followed by a cohesive laws which describes
the post-crack material response. Two generic exemplary cohesive laws are shown in Fig-
ures 2.6(b) and (c). The stress transferred across the fracture process zone is controlled
by the cohesive laws and as seen the cohesive stress tends to decrease with increasing
crack width. Depending on the method used to estimate the cohesive law the cohesive
stress may increase and decrease until a critical crack width, wc is reached, where stresses
are no longer transferred.
(a) (b) (c)
(d) (e) (f)
(g)
Figure 2.4 Fracture toughening mechanisms in cementitious systems (a)–(f) [Shah et al.,
1995] and (g) the fiber bridging mechanisms in fiber reinforced cementitious
systems [van Mier, 1997].
2.1.2 Methods for determining fracture properties of concrete
The simplest technique for determining fracture properties (i.e., material responses shown
in Figure 2.6) of concrete is, in theory, a direct measurement using the uniaxial tensile
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Figure 2.5 Stress distribution assumed in Hillerborg’s fictitous crack model and the cor-
responding details of the fracture process zone [Østergaard, 2003].
(a) (b) (c)
Figure 2.6 Material response assumed in the Hillerborg’s fictitous crack model including
(a) linear-elastic response prior to cracking and (b) and (c) two possible gen-
eralized cohesive laws describing the post-cracking response, after [Østergaard,
2003; Skocˇek, 2010].
test. However, in practice, results from the uniaxial tensile test are heavily dependent
upon load eccentricities, complications from multiple cracking, stiffness of the loading ma-
chine, and other issues as discussed in [van Mier and van Vliet , 2002; Østergaard , 2003].
Other specimen geometries may however be used to indirectly determine the cohesive law
of concrete. These indirect techniques use more stable loading configurations to measure
the post-peak load response by inducing and stably propagating a single crack in a con-
trolled manner. Fracture properties may then be estimated through an inverse analysis
of an applicable analytical or numerical model, as discussed below.
The three-point bending test (TPBT) (cf., Figure 4.16) is one such indirect test which
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may be used to determine fracture properties of concrete. The large elastic energy storage
capacity of the TPBT specimen requires careful control to avoid snapback behavior or
uncontrolled failure particularly in very brittle materials (i.e., cement paste). An addi-
tional drawback of the TPBT is the relatively large size and weight of the specimen, which
limits its versatility (e.g., early-age testing) [Østergaard , 2003].
The wedge splitting test (WST) shown in Figure 2.8 provides an alternative, simple
method to stably propagate a single crack in relatively small specimen (cf. Figure 2.7,
100 mm3 commonly used). The WST, developed in [Linsbauer and Tschegg , 1986] and
its predecessor the wedge loaded compact tension test [Hillemeier and Hilsdorf , 1977],
utilize a wedge to induce a splitting load (Figure 2.8). Therefore, splitting displacements
applied to the specimen are only a fraction of vertical load actuator displacements, easing
control of crack propagation. In addition, analysis and secondary experimental proce-
dures, described in the following paragraphs, have been developed for use with the WST
specimen.
As previously mentioned the cohesive law is not directly measured by the WST and TPBT.
Therefore, inverse analysis of an analytical or numerical model is required. Inverse analysis
techniques estimate the cohesive law by minimizing differences between experimental and
model results. Most inverse analysis techniques work in one of two ways: i) the cohesive
law has a predefined shape, as shown in Figure 2.6(b), and through inverse analysis
the slopes and intercepts are determined, or ii) the cohesive law is determined in an
incremental analysis to determine the slopes and intercepts without a predefined shape,
as shown in Figure 2.6(c). While the latter technique, described in [Nanakorn and Horii ,
1996; Kitsutaka, 1997], allows for any shape of the cohesive law, problems have been found
in the estimation of the tensile strength [Uchida and Barr , 1998]. In addition due to
the incremental approach used, estimate error from previous steps in the inverse analysis
effect estimates of later steps, causing an accumulation of errors. A technique described in
[Østergaard , 2003] utilizes a cracked hinge model (CHM) developed in [Olesen, 2001] with
a predefined bi-linear cohesive law. This technique has been implemented with success
to the WST geometry for concrete [Østergaard , 2003], fiber reinforced concrete [Lo¨fgren
et al., 2005], and even interfaces of cementitious materials and steel [Walter et al., 2005].
In [Skocˇek and Stang , 2008] this technique was expanded to allow additional slope changes
in the predefined cohesive law (as shown in Figure 2.6(b)), improving the results of the
inverse analysis in the post-peak load region. Additional details on the WST specimen
and procedure, application of the CHM to the WST geometry, and the inverse analysis
technique from [Skocˇek and Stang , 2008] are provided in Section 2.2.
2.2 Experimental procedures
The following sections describe the experimental investigations completed as part of this
study using the WST to ascertain the fracture behavior of the concrete mixtures used
throughout this work. The goal of this section of the work is to determine the cohesive
laws and other material properties of the concrete mixtures for use in future modeling. The
materials and concrete mixtures are introduced in Section 2.2.1, followed by descriptions
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of the test methods and inverse analysis in Sections 2.2.2 and 2.2.3, respectively. Results
are presented in Section 2.3.
2.2.1 Materials and specimen preparation
Two different concrete mixture designs were used for the testing described here, one with
steel fibers and one without. In addition, Mixture 1 was used for all testing described
in Chapters 3 and 4. Table 2.1 provides details on each mixture (see Appendix B for
additional details on the constituent materials). Aalborg white portland cement was
used with an estimated Bouge composition of 78.8% C3S, 10.5% C2S, 4.9% C3A, 1.0%
C4AF, 0.6% MgO, 2.1% SO3, and an Na2O equivalent alkali content of 0.19%. Class E
0-4 mm sea-sand was used along with washed Class A 4-8 mm sea-gravel (classifications
in accordance with [DS-2426 , 2004]). Mixture 1 was a typical concrete, developed in a
previous project [Nygaard , 2008]. Mixture 2 was a SFRC mixture with the same type and
relative proportion of sand and coarse aggregate as Mixture 1 with 1% of the aggregates
replaced with steel fiber. The steel fibers had a length of 12.5 mm and diameter of 0.4 mm.
The fibers used for were steel with an elastic modulus of 200 GPa and tensile strength of
1300 MPa. All constituent materials are shown in Figure B.1 in Appendix B.
Table 2.1 Mixture proportions.
Mixture I.D. 1 2
w/c 0.50 0.50
Cement Content (kg/m3) 330 330
Sand Content (kg/m3) 766 764
Coarse Aggregate (kg/m3) 1103 1099
Fiber Content (kg/m3) — 19
The concrete was mixed using a standard pan mixer with a 120 L capacity. The fine and
coarse aggregate were first mixed dry for 1 minute, followed by 3 minutes mixing with one
third of the mixing water. Mixing was stopped for 2 minutes prior to adding and mixing
the cement for 1 minute. The remaining water was then added and mixing continued for
3 minutes after addition of water. The mixer was then opened and the pan and blades
were scraped, followed by 1 additional minute of mixing. Compressive cylinders with a
100 mm diameter and 200 mm height were cast for all batches to assess quality. The
concrete was placed into forms and consolidated using an external vibrator.
After casting and vibrating, the specimens were stored in laboratory conditions (i.e., 18◦C
±2◦C) overnight covered with wet burlap and plastic sheet. The samples were demolded
after 24 hours and were sealed using multiple layers of thick plastic sheet and packaging
tape. Once the samples were sealed they were placed in a environmental chamber at 20◦C
±2◦C and 85% ±2% relative humidity (RH) for 6 additional days. After this time the
samples were placed in an large-capacity oven at 45◦C ±2◦C to accelerate curing. A large
bucket was kept filled with water at the bottom of the oven in order to increase RH to
limit the risk of drying. Once the samples reached the desired maturity age (at least 12
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months) they were removed from the plastic and placed in chambers at 50% ±3% RH
and 20◦C ±2◦C (RH controlled by salt solution). These procedure and mixture designs
presented in Table 2.1 were used throughout this entire thesis, unless otherwise noted.
2.2.2 Wedge splitting test (WST) method
Figure 2.7 illustrates the WST specimen geometry. The specimen consists of a 100 mm x
100 mm x 100 mm concrete prism, with a 30 mm x 32 mm x 100 mm recess centered on
the top of the specimen. The void is cast-in using a specialty mold particularly for WST
specimens. After casting and curing of the WST specimen (but prior to conditioning) a
notch is cut a further 28 mm from the bottom of the void using a water-cooled concrete
saw. The notch has been cut into the specimens rather than cast as to eliminate edge
effects. In addition to cutting the notch, all specimen were cut in half (perpendicular to
the notch) resulting in two separate specimen of thickness 50 mm. Halving the specimens
was necessary for moisture ingress testing described in Chapter 3.
Figure 2.7 WST specimen geometry with the blue region indicating the cast-in recess and
the red region indicating the 4.5 mm notch cut using a wet-saw.
The WST method applies a splitting load using a rigid steel wedge and roller bearings
as pictured in Figure 2.8(a). Loading is controlled by displacement measurements from
a clip gage inserted into the recess (see Figure 2.7) of the WST specimen to measure
the crack mouth opening displacement (CMOD). The clip gage was modified by using
brass feet that contact the side of the recess, as shown in Figure 2.8(b). Vertical load
is recorded by the testing machine, and used for calculation of the splitting load. The
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wedge angle, from vertical, used for testing was 15◦. The rate of CMOD increases was
initially 0.05 mm/min to a CMOD of 0.4 mm. After reaching 0.40 mm CMOD the rate
was increased to 0.10 mm/min, which minimized testing time while still providing a sta-
ble crack growth. Extensive details on the WST procedure is available in the literature
[Linsbauer and Tschegg , 1986; Bru¨hwiler and Wittman, 1990; Østergaard , 2003].
Testing completed for this work included loading three WST specimens from both mix-
tures (concrete and SFRC) to a CMOD of 1.8 mm for determination of fracture properties
using the inverse analysis technique described in Section 2.2.3. Additional WST specimen
were loaded to varying loads and CMOD’s (peak load and 0.10 mm, 0.15 mm, 0.20 mm,
and 0.40 mm CMOD). As discussed in Section 2.3.2, crack width recovery was minimized
for the cracked specimens (i.e., 0.10 mm, 0.15 mm, and 0.20 mm CMOD specimens) by
pausing the loading machine at the desired crack width, inserting hard plastic shims, and
then unloading the specimen. Immediately after removing a specimen from the loading
apparatus aluminum tape was used to seal all sides of the specimen except for the top.
This procedure was completed to create a pond, which was used for water sorption test-
ing via x-ray attenuation measurements discussed in Chapter 3. It is vital to note that
during water sorption testing the specimens were exposed to liquid water for 24 hours.
After exposure to water the samples were allowed to dry at 50% RH ±2% for a minimum
of a week prior to epoxy impregnation described in Section 2.2.4.
(a) (b)
Figure 2.8 (a) Wedge splitting test experimental setup includes a rigid steel wedge which
applies load via roller bearings to the specimen, photogrammetry equipment,
and a modified clip gage for CMOD measurements as shown in (b). (Author’s
photos)
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2.2.3 Inverse analysis of the cracked hinge model
Crack hinge model
Figure 2.9 shows the implementation of the crack hinge model (CHM), developed in
[Ulfkjaer et al., 1995; Olesen, 2001], to the WST geometry. The CHM simulates the area
directly surrounding a propagating crack as an array of springs, which are attached to
rigid boundaries. The rigid boundaries of the cracked hinge are allowed to translate and
rotate as indicated in Figure 2.9(b). The cracked hinge behavior is controlled by the stress
profile shown in Figure 2.9(c). The rigid boundaries join the bulk specimen, where the
behavior is controlled by the classical elastic theory (i.e. Figure 2.6(a)).
Figure 2.9 (a) The wedge split testing specimen with the cracked hinge model applied
(after [Østergaard, 2003]), (b) Loading and deformation of the hinge (after
[Olesen, 2001]), and (c) The assumed stress distribution (after [Olesen, 2001]).
The stresses transferred by the springs are controlled by Equation 2.2
σ =
{
σ(ε) = Eε Precracked State
σw(w) = g(w)ft Cracked State
(2.2)
where E denotes elastic modulus, ε denotes elastic strain, σw(w) represents the cohesive
law, and ft denotes uniaxial tensile strength. Figure 2.6(b) illustrates a general g(w)
curve, which mathematically is given by:
g(w) = bi − aiw where wi−1 < w < wi and i = 1 . . . N (2.3)
The term wi is the intersection of two consecutive lines and is computed by:
wi =
bi − bi+1
ai − ai+1 where i < N (2.4)
The critical crack width (width at which g(w) = 0) is calculated by:
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wc = wN =
bN
aN
(2.5)
where N is equal to the number of lines in the cohesive law. The deformation of the
hinge is determined by the angular rotation, ϕ and the location of the neutral axis, y0
(See Figure 2.6(b)). The mean value of longitudinal strains, ε∗(y) is then calculated by:
ε∗(y) = (y − y0)2ϕ/s (2.6)
The deformation of an incremental strip of the hinge is then given by u(y) = sε∗(y), where
s is the length of the hinge (s = 0.5h). Once cracking occurs, u(y) can be computed as
the sum of the elastic deformation and the crack opening, as shown in Equation 2.7.
u(y) = sε∗(y) = s
σw(w(y))
E
+ w(y) (2.7)
By combining 2.6 and 2.7 the stress distribution (Figure 2.9c) equation appears as follows
σw(w(y)) = (2(y − y0)ϕ− w(y))E
s
(2.8)
and by introducing the cohesive law (Equation 2.2) and solving with respect to w(y) and
σw(w(y)) the following solutions are obtained:
σw(w(y)) =
ζi − 2ϕ(y − y0)βi
1− βi
E
s
(2.9)
w(y) =
2ϕ(y − y0)− ζi
1− βi (2.10)
where the dimensionless factors βi and ζi are defined by
βi =
ftais
E
and ζi =
ftbis
E
(2.11)
Additional information on the development and implementation of the CHM can be found
in [Olesen, 2001] and [Østergaard , 2003; Lo¨fgren et al., 2005; Skocˇek and Stang , 2008],
respectively.
Inverse analysis approach
In [Østergaard , 2003] the CHM was applied to the WST geometry and an analytical
solution was utilized to determine a bilinear cohesive law. An iterative approach was de-
veloped in [Skocˇek and Stang , 2008] which allows for determination of N -linear cohesive
laws. The following section provides details on the necessary computations for the itera-
tive inverse analysis for determination of N -linear cohesive laws. Additional information
on this approach is available in the literature [Skocˇek and Stang , 2008].
In order to determine the material properties from the CHM the following two equations
must be fulfilled:
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Mexp −MHinge = 0 and CMODexp − CMODHinge = 0 (2.12)
where Mexp is the bending moment applied during experimental testing, MHinge is the
bending moment applied in the hinge model approach, CMODexp is the experimental
CMOD measured by the clip gage, and CMODHinge is the CMOD computed from the
CHM. The experimental bending moment, Mexp is calculated based upon the specimen
geometry, splitting load (Psp) and vertical load (Pv), as
Mexp = Psp(d2 − y0) + 1
2
Pvd1 +
1
2
mge (2.13)
where
Pv = Psp
2 tanαw + µc
1− µc tanαw (2.14)
which accounts for the wedge angle, αw and the friction in the roller bearings, µc; m is
the mass of the specimen, g is the acceleration of gravity, and e is the eccentricity of the
gravity load. The bending moment applied in the CHM, MHinge is computed by:
MHinge =
∫ h
0
σ(y)(y − y0)dy (2.15)
where σ is the cohesive law from Equation 2.2. The CMOD calculated by the CHM,
CMODHinge is a sum of the elastic deformation, δe; the deformation caused by the crack,
δw; and the deformation caused by geometrical amplification, δg. The CMODHinge is
therefore given by Equation 2.16.
CMODHinge = δe + δw + δg (2.16)
The calculation of the elastic deformation, δe is found in [Tada et al., 1985] as
δe =
P
Et
υ1 (2.17)
from the measurement of the crack opening displacement at the crack edge, and as
δe =
P
Et
υ2 (2.18)
for measurement of CMOD at the loading line. Here t = specimen thickness and equations
for υ1 and υ2 are:
υ1 =
1
(1− x)2 [8.89 + 19.3x− 34.1x
2 + 25.6x3] (2.19)
υ2 =
x
(1− x)2 [38.2− 55.4x+ 33.0x
2] (2.20)
as determined from [Roberts , 1969; Tada et al., 1985], where x = b/d. As discussed in
a following section, photogrammetry measurements were taken which allowed for mea-
surement of crack opening displacement at, among other locations, the edge of the crack.
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In the case these measurements, it is therefore necessary to use υ1 when computing the
elastic deformations.
The deformation caused by the crack, δw can be directly calculated from Equation 2.10
at y = h. Finally, the deformation caused by geometrical amplification, δw is computed
by:
δg = 2(b− h)
(
δw
2d
− ϕe
1− βi
)
(2.21)
where ϕe is defined as the maximum elastic angular deformation of the hinge and d is the
depth to which the crack has propagated through the hinge.
The inverse analysis is an iterative process used to minimize the difference between model
calculations and experimental results by fitting mechanical behaviors. Utilizing an inverse
analysis of the CHM (Figure 2.9(b)) developed in [Ulfkjaer et al., 1995; Olesen, 2001],
experiment results from the WST can be used to determine the properties for cementitious
composites. This technique has been successfully applied to WST results for cement
paste, mortar, concrete [Østergaard , 2003], and fiber reinforced concrete [Lo¨fgren et al.,
2005]. The iterative process minimizes the difference between the observed load applied in
experiments, Pexp and the load predicted by the CHM, PHinge according to the following
error normalization function:
‖Pexp − PHinge‖ =
√
1 +
(Pexp − PHinge)2
2
− 1 (2.22)
This normalization function is applied to various stages of the load response curves, in-
cluding the elastic portion for determination of E, the peak load for determination of ft,
and the softening branch for determination of ai and bi through the step-by-step scheme
shown below:
while (convergence is not achieved)
min
E
Kel∑
j=1
‖ Pj,exp − Pj,Hinge ‖
min
ft,a1
K∑
j=1
‖ Pj,exp − Pj,Hinge ‖
for i=2:N
min
ai,bi
K∑
j=1
‖ Pj,exp − Pj,Hinge ‖
check convergence
(2.23)
where Pj,exp and Pj,Hinge are the experimentally observed and CHM calculated load at
a given data point, j. The points from the experimental load-CMOD data used by the
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inverse analysis program to determine the cohesive law were selected equidistantly in
regard to the arc length in the normalized coordinate system. Linear interpolation is used
for points selected between measured data. The arc length increment used for analysis
was 0.05.
2.2.4 Visual assessments of WST specimen cracking behavior
Plane and thin section
Thin and plane sections were prepared for Mixture 1 (concrete) WST specimens loaded
peak load and various crack widths. Only plane sections were prepared for Mixture 2
(SFRC) as the steel fibers can damage the grinding equipment used for preparation of
thin sections. Table 2.2 lists all sections prepared as part of this work. These sections are
discussed in Section 2.3.2.
Table 2.2 Number of plane and thin sections prepared from WST specimens.
Mixture I.D. 1 2
Load level / Section type
Crack width Plane Thin Plane Thin
Peak Load 3 1 - -
0.15 mm CMOD 3 1 - -
0.20 mm CMOD 3 1 3 -
As described above, the WST specimens used plane and thin sections were mechanically
loaded, exposed to liquid water for 24 hours, and then allowed to dry at 50% ±2% RH for
a minimum of a week. The specimens were then impregnated with a fluorescent epoxy, to
prepare plane and thin sections, at Pelcon Materials & Testing ApS, Søborg, Denmark.
Epoxy impregnation was completed using specialized vacuum chambers equipped with
ports which allow epoxy to pass into the evacuated chamber. The chamber was evac-
uated to 10 mBar for 60 minutes, during which the resin (resin premixed with Hudson
Yellow fluorescent dye) and hardener are mixed. Epoxy enters the evacuated chamber,
removing any air from the epoxy, until the impregnated area is fully covered with epoxy.
After 5-10 minutes the vacuum is gently released to create an overpressure which pulls
the epoxy into any connected voids. To avoid excessive heating of the epoxy during hard-
ening, the specimen is wrapped in plastic and placed in a water bath (avoiding contact
between epoxy and water). The epoxy hardens for 16-24 hours at ∼23◦C prior to addi-
tional handling. Additional information on the fluorescent epoxy impregnation technique
used here can be found in [Laugesen, 2005].
WST specimens were impregnated in two steps. First, the cast-in void (see Figure 2.7)
was filled with epoxy to impregnating the coalesced crack extending from the notch. After
allowing the epoxy to harden for ∼24 hours, the specimens were cut (perpendicular to
the crack) in to three slices as shown in Figure 2.10(a). Images were acquired from all
cut faces using a digital camera under natural and ultraviolet (UV) lighting conditions
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and the specimens underwent the second impregnation step. The second impregnation
step involved impregnating the cut faces to impregnate any cracks which were isolated
from the coalesced crack. The outer slices were then ground using a water-cooled grinding
apparatus (Figure 2.10(b)) to remove excess epoxy and to identify isolated cracks. The
middle slice was used to prepare a thin section, in accordance with [DSF 423.40 , 1998],
as outlined by the following steps (shown in Figures 2.11 and 2.12):
(a) (b)
Figure 2.10 (a) WST specimen were sliced in 3 pieces after fluorescent epoxy impregna-
tion. The outer slices were impregnated again from the cut surface to highlight
isolated microcracks and (b) were ground to remove excess epoxy. (Author’s
photos, taken at Pelcon Materials & Testing ApS)
Step 1 A secondary impregnation was completed on one face of the middle slice to impreg-
nate isolated cracks.
Step 2 After 24 hours (allowing the epoxy to harden) a 45 mm x 35 mm wafer containing
the crack tip was cut from the middle slice.
Step 3 The wafer was mounted to a piece of glass (Figure 2.11(a)).
Step 4 The opposite surface was ground to both remove excess hardened epoxy and to
create a flat surface (Figure 2.11(b)).
Step 5 The flat surface was then fixed to a second piece of glass and the concrete wafer
was sliced as close as safely possible to the second glass surface as shown in Figure
2.11(c).
Step 6 As shown in Figure 2.12 automated grinding equipment was used to plane the section
to a thickness of ∼20 µm.
Step 7 The final thin section was covered for protection with micro-cover glass and labeled
as shown in Figure 2.11(d).
Images of plane and thin sections were captured using a digital camera as well as through
stereo and polarizing microscopes. As shown in Figure 2.13, thin section images were
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Figure 2.11 Steps 3–5 and 7 in the preparation of thin sections. (Author’s photos, taken
at Pelcon Materials & Testing ApS)
captured under natural, ultraviolet, and polarized light. While ultraviolet light clearly
highlights cracks, natural and polarized light are also useful to identify other constituents
of the concrete as well as identifying ettringite forming on the crack surface, as discussed
further in Section 2.3.2.
Figure 2.12 Specialized automated grinding equipment for Step 6 griding. (Author’s pho-
tos, taken at Pelcon Materials & Testing ApS)
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(a) (b) (c)
Figure 2.13 Thin section images from the 0.15 mm CMOD WST under (a) natural, (b)
ultraviolet, and (c) polarized light with various artifacts identified. (Author’s
photos)
Using image analysis software [ImageJ , 2008] crack widths and depths can be measured
from images captured under UV-light as shown in Figure 2.14. First, the color channels
(red, blue, and green) were split (Figure 2.14(b)). Using the green channel, a threshold
was applied to isolate the impregnated crack as shown in Figure 2.14(b) and a binary
image was created (Figure 2.14(c)). A grid mask, consisting of 1 pixel thick horizontal
lines spaced every other pixel, was then subtracted from the crack image. As shown in
Figure 2.14(e) the resulting line segments were identified and their lengths and vertical
locations were measured using built-in ImageJ macros. Using the extracted data output
crack width and depth was measured. Further details on this procedure are available in
the literature [Qi et al., 2003].
3-D photogrammetry setup
A commercially available 3-D photogrammetry system [Aramis , 2005] was utilized to cap-
ture full field deformation measurements on the surface of the WST and other specimens
(see Paper II). In order to facilitate photogrammetry measurements, adequate contrast
in the grayscale of individual objects is required. This was achieved by applying a black
and white stochastic speckle pattern using spray paint to the cut surface of the WST
specimen as seen in Figure 2.15(a) and (b). The individual aggregates remained clearly
visible through the black and white speckles.
The photogrammetry system, which consists of two black and white CCD (charged cou-
ple device) cameras and a data acquisition computer, captures and processes images at a
preset interval (1 hertz used here). Figure 2.8 shows one of the two cameras used in this
system positioned adjacent to the WST specimen. The photogrammetry system, using
the speckle pattern, identifies unique areas of greyscale variations called facets. Figure
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Figure 2.14 Image analysis technique used to extract crack width and depth information
from images of cracked specimen under UV-light, after [Qi et al., 2003].
2.15(c) shows many individual facets, which overlap by 2 pixels, prior to application of
load. Figure 2.15(d) shows the facets after cracking of the specimen. The system tracks
movements of the facets during application of load. For example, the red facet shown in
Figures 2.15(c) and (d) highlight the process of identifying and tracking the movement of
a single facet (identifiable by the two black dots on the top half of the facet).
The photogrammetry measurement process consist of i) proper placement of the camera
with respect to the specimen (according to system manual [Aramis , 2005]), ii) calibration
of the measurement volume using a calibration panel provided by the manufacturer, iii)
record images from both cameras simultaneously during loading, and iv) computation of
facet deformations. After computation of the facet deformation, ‘virtual clip-gages’ can be
installed using the photogrammetry system to measure the crack opening displacement at
any location in the calibrated measurement volume. These virtual clip gages were utilized
to extract crack profiles and the crack opening displacement at the crack edge. Additional
details on the use of the Aramis 2M photogrammetry system is available in Paper II,
Appendix C, and elsewhere in the literature [Aramis , 2005; Skocˇek and Stang , 2008].
2.3 Results and discussion
2.3.1 Clip gage measurements
Figures 2.16, 2.18(a), and 2.19(a) show typical splitting load versus CMOD responses
measured using the clip gage (Figure 2.8(b)) for both mixtures. For both mixtures, the
splitting load initially increases rapidly as CMOD increases, until the peak load is reached.
After peak load, a softening branch of the response is observed as the splitting load contin-
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(a) (b)
(c) (d)
Figure 2.15 A WST specimen with (a) a cut surface exposed of a WST specimen, (b)
WST with speckle pattern applied. The photogrammetry system identifies
the original location of unique areas as shown in (c) prior to application of
load, and re-identifies locations after movements occur (d) (images (c) and
(d) are zoomed).
ually decreases in with increased CMOD. As shown in Figures 2.16 and 2.19(a), Mixture
2 (SFRC) WST specimen continue to hold appreciable splitting loads (∼100 N) up to
1.8 mm CMOD, when the tests were terminated. Mixture 1 (concrete) WST specimen,
however, held only minute splitting loads at 1.8 mm CMOD as shown in Figure 2.18(a).
Additional effects of the fibers in Mixture 2 are evident by the increased peak load and
increased splitting loads throughout the entire softening branch of the load-CMOD curves.
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Figure 2.16 Splitting load-CMOD response curves for experimental and CHM data from
Mixture 2. CHM data has been computed from 2- and 3-slope cohesive laws.
The inset figure shows a close-up of the peak region.
Differences in the materials can be further quantified using the inverse analysis of the
CHM approach described earlier. Figure 2.16 shows computed responses using 2– and
3–slope cohesive laws applied to the CHM. The inset figure, zooming in on the peak
region, shows an accurate estimate of the pre-peak and peak load response is provided
by both the 2– and 3–slope cohesive laws. However, the figure indicates the 3–slope
cohesive law more accurately estimates the experimental data compared to the 2–slope
response, which alternates between under- and over-estimating the splitting load in the
post-peak load region. The error between the measured and computed load-CMOD, which
is calculated by Equation 2.24, is shown in Tables 2.3 and 2.4 for concrete and SFRC,
respectively.
L1 − L2 = ‖Pexp − PHinge‖ =
M∑
i=1
(√
1 +
(P iexp − P iHinge)2
2
− 1
)
(2.24)
where M denotes the number of equidistantly (in terms of arc length method) placed
points on the load-CMOD curve. The values indicate the 3-slope cohesive laws provide
improved fitting of experimental data. Similar results were observed for Mixture 1 con-
cerning the accuracy of the fits provided by the 2 and 3-slope cohesive laws, as shown
in Table 2.3. The following sections describe the optimization and sensitivity of the in-
verse analysis of the CHM as well as the fracture properties determined from clip gage
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measurements of the two mixtures.
Optimization and Sensitivity of Inverse Analysis
An additional slope in the cohesive law applied to the CHM corresponds to 2 additional
degrees of freedom (DOF’s) in the inverse analysis, an intersection point and a slope. As
shown in Figure 2.16, the addition of 2 DOF’s lead to an improved fitting of experimen-
tal data in this case. However, as discussed in the this section, too many DOF’s may
lead several issues with the inverse analysis, including non-unique solutions and lengthy
computation times. In addition, previous work has shown inverse analysis results may be
sensitive to the initially estimated material properties applied to the CHM [Skocˇek and
Stang , 2008]. Therefore, in order to optimize the number of DOF’s in the cohesive law
and ascertain the sensitivity of the inverse analysis, two Property Sets were applied to 2–,
3–, and 4–slope cohesive laws and inverse analysis was performed on WST results from
both mixtures.
Table 2.3 Elastic modulus, E, tensile strength, ft, error of the fit provided by the inverse
analysis (Equation 2.24), critical crack width, wc, fracture energy, GF , and
characteristic length, Lchar from inverse analyses using property sets 1 and 2
for concrete. The number of slopes in the cohesive law are indicated.
Mixture 1 – Concrete
E (GPa) ft (MPa) Error
Property Set 1 2 1 2 1 2
2–slope 31.678 31.678 3.264 3.266 2.75 2.75
3–slope 31.678 31.678 3.378 3.347 1.57 1.69
4–slope 31.767 31.678 3.076 3.380 2.50 1.46
wc (mm) GF (J/m
2) Lchar (mm)
Property Set 1 2 1 2 1 2
2–slope 0.294 0.293 177.4 177.3 527.6 526.7
3–slope 0.407 0.415 176.7 177.2 490.8 501.3
4–slope 0.417 0.418 175.7 176.7 589.7 490.2
Two initial sets of estimated material properties were used to assess the sensitivity of
the inverse analysis. As [Skocˇek and Stang , 2008] indicated inverse analysis results are
relatively insensitive to the initial shape of the cohesive law, both initial estimates use
equidistance spacing of the slope changes in the cohesive law. Initial estimates for elastic
modulus, E, tensile strength, ft, and critical crack width, wc were 20 GPa, 3.0 MPa,
and 0.8 mm for Property Set 1 ; and 40 GPa, 4.5 MPa, and 1.5 mm for Property Set
2. The number of DOF’s in the cohesive law was optimized to account for the total
error of the fit, the computation time, and the ability to provide a unique solution from
the two Property Sets. For this analysis cohesive laws with 2–, 3–, and 4–slopes were
investigated. Additional slopes in the cohesive law were found to not reach the inverse
analysis convergence criteria. A similar observation was made in [Skocˇek and Stang , 2008].
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Table 2.4 Elastic modulus E, tensile strength, ft, error of the fit provided by the inverse
analysis (Equation 2.24), critical crack width, wc, fracture energy, GF , and
characteristic length, Lchar from inverse analyses using property sets 1 and 2
for SFRC. The number of slopes in the cohesive law are indicated.
Mixture 2 – Steel fiber reinforced concrete (SFRC)
E (GPa) ft (MPa) Error
Property Set 1 2 1 2 1 2
2–slope 34.489 34.560 3.574 3.490 2.48 3.04
3–slope 35.740 34.560 3.427 3.590 1.42 1.60
4–slope 34.560 34.560 3.593 3.589 1.56 1.57
wc (mm) GF (J/m
2) Lchar (mm)
Property Set 1 2 1 2 1 2
2–slope 1.189 1.193 450.1 448.8 1215 1273
3–slope 2.090 2.453 556.4 595.7 1693 1598
4–slope 4.560 741.1 838.1 84877 2243 2.2e5
Tables 2.3 and 2.4 shows the results of inverse analysis using Property set 1 and 2 as
initial estimates and varying DOF’s in the inverse analysis for the Mixture 1 and Mixture
2, respectively. It should be noted the results of inverse analysis are not expected to be
accurate to the number of significant digits shown; however, the additional digits are pro-
vided to better describe variations in inverse analysis outputs. Values for elastic modulus,
E, tensile strength, ft, total error, critical crack width, wc, fracture energy, GF , and char-
acteristic length, Lchar are given. Varying DOF’s and initial estimates have little effect
on E and ft estimates, which vary by a maximum of 3.6% and 9.9%, respectively. Similar
robustness in E and ft estimates have previously been observed [Østergaard , 2003; Skocˇek
and Stang , 2008]. The total error indicates the overall accuracy of the fit provided by the
cracked hinge model to the experimental data. For example, the 2– and 3–slope curves
shown in Figure 2.16 have a total error of 3.04 and 1.60, respectively. Optimization of the
inverse analysis according to the percentage error indicates using a 3–slope cohesive law
typically provides the best overall fit of the experimental data for both materials; while
maintaining a relatively consistent wc, GF , and Lchar. Additionally, the computation time
for a 3–slope cohesive law was ∼40 minutes while 2– and 4–slope computations took ∼15
and >120 minutes, respectively to reach convergence.
Tables 2.3 and 2.4 also indicate the sensitivity of inverse analysis results to initial estimates
and DOF’s in the cohesive law. This is most clearly seen in the SFRC results in Table
2.4 for the 4–slopes results where wc, GF , and Lchar estimates vary by over two orders
of magnitude. It is also important to point out that the total error varied only by 0.01
between the two inverse analysis results. This indicates the inverse analysis was able
to determine two solutions which both accurate fit experimental data. Figures 2.17(c)
and (d) provide two examples of how this occurred by showing 4–slope cohesive laws
resulting from inverse analyses using Property Set 1 and 2. In Figure 2.17(c) the ‘kink’
points (points of changing slope) and the critical crack widths vary; however, total error
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(a) (b)
(c) (d)
Figure 2.17 Cohesive laws determined via inverse analysis using initial property set 1 and
2: (a) 3-slope cohesive law for concrete, (b) 3-slope cohesive law for SFRC,
(c) and (d) 4-slope cohesive laws for two different concrete specimen. Legend
in (a) is common to all plots.
values (0.69 and 0.75 for Property Set 1 and 2, respectively) indicated accurate fitting. In
Figure 2.17(d) results from Property Set 1 gave only a 3–slope cohesive law after inverse
analysis, which was caused by the analysis placing two points at a normalized traction
of 1. These variations indicate 4–slopes in the cohesive law provide excessive DOF’s,
resulting in multiple acceptable solutions for the materials used here. Figure 2.17(a) and
(b) show that unique and repeatable 3–slope cohesive laws were determine by the inverse
analysis for Mixture 1 (concrete) and 2 (SFRC), respectively. Based on the optimization
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and sensitivity results, the 3–slope cohesive laws is recommended as the maximum number
of DOF’s in the cohesive law.
Fracture properties from clip gage measurements
Based upon the result discussed above, 3-slope cohesive laws are provide the most accu-
rate, unique, and repeatable representation of the materials used here. However, some
modeling programs are only capable of implementing 2-slope cohesive laws. Therefore,
both 2- and 3-slope cohesive laws are presented here to assist in future use of this data.
All results shown here were determined using Property Set 2 as the initial estimates of
the materials properties.
Table 2.5 Average fracture and material properties from clip gage measurements for Mix-
tures 1 and 2 using a 2-slope cohesive law
Property Mixture 1 Mixture 2
E(GPa) 31400 30100
ft (MPa) 3.1 3.1
a1 18.095 10.783
a2 1.874 0.646
b2 0.350 0.300
Tables 2.5 and 2.6 show the average material properties (elastic modulus plus fracture
properties) for both mixtures using 2- and 3-slope cohesive laws applied to the CHM,
respectively. To determine these values, individual inverse analyses were performed for
three different experimental data sets and values were average. Figures 2.18(a) and 2.19(a)
show experimental and calculated load-CMOD responses for Mixtures 1 and 2, respec-
tively. Figures 2.18(b) and (c) show individual cohesive laws measured for Mixture 1
along with the averaged cohesive laws with 2– and 3–slope cohesive laws, respectively.
Figures 2.19(b) and (c) shows the same for Mixture 2.
Table 2.6 Average fracture and material properties from clip gage measurements for Mix-
tures 1 and 2 using a 3-slope cohesive law
Property Mixture 1 Mixture 2
E(GPa) 31400 32400
ft (MPa) 3.1 3.04
a1 19.482 10.682
a2 3.93 1.447
b2 0.477 0.424
a3 0.282 0.128
b3 0.098 0.108
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(a)
(b) (c)
Figure 2.18 (a) Experimental and computed splitting load versus CMOD for Mixture 1,
(b) 2–slope cohesive laws for individual tests and the averaged response, and
(c) 3–slope cohesive laws for individual tests and the averaged response.
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(a)
(b) (c)
Figure 2.19 (a) Experimental and computed splitting load versus CMOD for Mixture 2,
(b) 2–slope cohesive laws for individual tests and the averaged response, and
(c) 3–slope cohesive laws for individual tests and the averaged response.
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2.3.2 Visual observations of cracking behavior
As discussed above (Section 2.2.4, Table 2.2), several plane and thin sections were prepared
to assess the cracking behavior of the WST specimens. Images of and results from these
sections are presented in the following sections.
Plane sections
Figures 2.20-2.23 show the cracked WST specimen after the first impregnation procedure,
which fills only the coalesced crack extending from the notch. Figure 2.20, showing the
peak load sample from Mixture 1, indicates cracking occurred under peak load to a small
depth within the specimen. The average coalesced crack length (i.e. crack length measured
after first impregnation) for each impregnated WST specimen was measured as described
in Figure 2.14. The resulting crack length measurements are shown in Table 2.7. The
length of the coalesced crack is measured as the depth from the bottom of the notch.
It can be seen that an increase in CMOD causes the crack to propagate deeper into the
WST specimen.
Table 2.7 Location of coalesced crack tip with respect to notch bottom, results of first
impregnation.
Mixture I.D. 1 2
Load level / Crack length (mm)
Crack width Avg. Min. Max. Avg. Min. Max.
Peak Load -6.1 -3.2 -8.89 - - -
0.15 mm CMOD -23.0 -20.9 -25.3 - - -
0.20 mm CMOD -25.0 -21.1 -31.2 -39.8 -37.3 -41.5
The influence of aggregates on the coalesced crack path is apparent in Figures 2.20-2.23.
In some cases (Figures 2.21(a), 2.22(d), and 2.23) the coalesced crack extends nearly verti-
cally from the notch tip; however, in other cases (Figures 2.21(b)-(d) and 2.22(a)-(c)) the
crack path is more tortuous due to aggregate blocking. The cracks typically propagated
around, rather than through, aggregates, which can be expect with the relatively high
w/c used.
Figures 2.20-2.23 also indicate the coalesced crack path varies in shape and length through
the thickness of the specimens. For example, in Figure 2.21(c) the coalesced crack ex-
tended -31.2 mm from the notch bottom with an arcing path, while the crack in Figure
2.21(d) extended -21.1 mm from the notch bottom in a relatively straight path.
Figure 2.24 compares images after the first (a) and second (b) impregnations of the peak
load, Mixture 1 specimen. The same specimen is shown in the two images; however, the
surfaces differ slightly as in Figure 2.24(b) the surface was ground down approximately 3
mm to remove excess epoxy which penetrated into the cement paste, particularly at the
paste-aggregate interface. The depth of the impregnated cracks in Figure 2.24 increased
from (a) 5.8 mm to (b) 11.6 mm due to impregnation of cracks isolated from the coalesced
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crack. Results from thin sections, presented in the following, also indicate isolated cracks
formed ahead of the coalesced crack.
Another observation made from the impregnated plane sections is shown in Figure 2.25.
The image is zoomed into the corner of the recess cast into the WST specimens. For all
impregnated specimen, cracks were found to extend from these corners. An important
assumption of the inverse analysis of the CHM is that the bulk specimen is uncracked
(see Figure 2.9). The clip gage used to measure CMOD is placed in the cast in recess,
above the corners where cracking occurred. Therefore, clip gage measurements include
deformations from the corner cracks in the WST specimen and results from inverse analysis
may be effected. The impact of the additional deformations measured on the cohesive
law resulting from inverse analysis is shown in Figure 2.29 and discussed further below.
One possible solution to the avoid measuring the deformations induced by the corner
cracks is to measure crack opening from the bottom of the notch. This was facilitated
through the use of photogrammetry equipment and results are presented in Section 2.3.2.
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(a) (b)
(c) (d)
Figure 2.20 Crack images from Mixture 1, peak load specimen after first impregnation.
(Author’s photos, taken at Pelcon Materials & Testing ApS)
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(a) (b)
(c) (d)
Figure 2.21 Crack images from Mixture 1, 0.15 mm CMOD specimen after first impreg-
nation. (Author’s photos, taken at Pelcon Materials & Testing ApS)
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(a) (b)
(c) (d)
Figure 2.22 Crack images from Mixture 1, 0.20 mm CMOD specimen after first impreg-
nation. (Author’s photos, taken at Pelcon Materials & Testing ApS)
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(a) (b)
(c)
Figure 2.23 Crack images from Mixture 2, 0.20 mm CMOD specimen after first impreg-
nation. (Author’s photos)
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(a) (b)
Figure 2.24 Mixture 1 - peak load specimen crack images under UV-light (a) after first im-
pregnation and (b) a second impregnation to show isolated cracks. (Author’s
photos)
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(a)
(b) (c) (d)
Figure 2.25 Cracking from the corner of the WST cast in recess from Mixture 1 (a) peak
load, (b) 0.15 mm CMOD, (c) 0.20 mm CMOD, and Mixture 2 (d) 0.20 mm
CMOD. (Author’s photos)
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Thin sections
Further details of the cracking behavior emerge from analysis of thin sections. Figures
2.26 and 2.27 show images taken under either UV-light (stereomicroscope images) or using
proper filters (polarizing microscope) to highlight the impregnated cracks. Both figures
show that epoxy was impregnated in the cement paste itself, as most clearly illustrated
in Figure 2.27(b). The impregnation of the cement paste is likely due to the high w/c
and curing temperature creating a relatively porous microstructure. Unfortunately, this
makes identifying cracks in the cement paste more difficult. Figure 2.26(b), which shows
cracks impregnated in an aggregate and in the cement paste, indicates a more dense
cement microstructure may have lead to easier identification of cracks in thin sections.
Regardless, many important observations are still possible.
Figure 2.26(a) and (c) show that a single crack may branch into multiple cracks. These
multiple crack are narrower than a singe crack would be, and as discussed in Chapter 3,
this may have further implications on transport of moisture and other substances into
and out of the concrete. Figure 2.27(b) shows that crack branching also occurs on a
smaller scale, and that these branches may reconnect to form a single crack again. By
scanning down the figure, it is possible to see the two cracks originating at the top of the
image reconnect near the middle of the image, only to branch and reconnect again at the
bottom of the image. Again, as discussed in greater detail in Chapter 3, this tortuous
path influence transport behavior.
Figure 2.27(c) shows the end of the crack tip of the 0.20 mm CMOD WST specimen. The
crack appears to end and then restart in an isolated region. The isolated region of epoxy
is thought to be caused by microcracks, which are not yet connected to the coalesced
crack. Another explanation is that the cracks are connected, but at a different plane (as
described using the plane section, cracks length varied throughout the specimens’ thick-
ness).
Figure 2.28 takes a closer look at a crack in the 0.20 mm CMOD, Mixture 1 WST specimen.
The location of the images is indicated in Figure 2.27(b). The images have been rotated
90◦ counterclockwise from the orientation in Figure 2.27(b). Figure 2.28(a), taken under
filtered light, clearly identifies the crack; however, other details are more apparent under
natural light. Such details shown in Figure 2.28(b) include hydrated cement paste [A],
aggregates [B], and apparent formation of ettringite crystals [D]. The ettringite crystals
likely formed during the 24 hours the WST specimen was exposed to water. The image
under natural light also shows the fractured surface of the cement paste is relatively rough
compared to the surface of the sea-gravel.
Photogrammetry measurements
Using photogrammetry the crack opening displacement (COD) can be measured using
virtual clip gages at nearly any point on the WST specimen (see Paper II for additional
details on results of photogrammetry equipment). In this case, the COD at the tip of the
notch (or crack edge) was measured and inverse analysis was completed as described in
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Figure 2.26 Images of the 0.15 mm CMOD - Mixture 1 thin section (a) using a stereo
microscope under low magnification to show entire crack path and (b),(c) us-
ing polarizing microscope under high magnification to show detailed cracking
behavior. (Author’s photos)
46 Department of Civil Engineering - Technical University of Denmark
2.3 Results and discussion Determination of fracture properties of unreinforced concrete
Figure 2.27 Images of the 0.20 mm CMOD - Mixture 1 thin section (a) using a stereo
microscope under low magnification to show entire crack path and (b),(c) us-
ing polarizing microscope under high magnification to show detailed cracking
behavior. The box with a white broken line in (b) indicates the location of
images in Figure 2.28. (Author’s photos)
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(a)
(b)
Figure 2.28 Thin section images from the 0.20 mm CMOD Mixture 1 specimen under (a)
filtered light to highlight the crack and (b) natural light showing [A] hydrated
cement paste, [B] aggregate, [C] impregnated crack, and [D] ettringite crystals
on the fracture surface. (Author’s photos)
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Table 2.8 Comparison of 3–slope cohesive law terms determined from photogrammetry
and clip gage data.
Property Mixture 1 Mixture 2
Photogrammetry Clip Gage Photogrammetry Clip Gage
a1 17.313 19.302 8.921 11.56
a2 7.877 6.405 1.446 1.087
b2 0.833 0.697 0.487 0.355
a3 0.334 0.290 0.171 0.132
b3 0.173 0.127 0.149 0.098
Section 2.2.3.
Figure 2.29(a) shows the splitting load versus the COD measured by the clip gage at the
crack mouth and at the crack edge through photogrammetry from a Mixture 2 (SFRC)
WST specimen. Naturally, the COD at the crack edge is less than at the crack mouth due
to reduced elastic deformation and lack of geometric amplification of the COD (δg, Equa-
tion 2.21). Additionally and importantly, the cracks extending from the cast in recess
corners are not measured through photogrammetry. Figure 2.29(a) also shows the inverse
analysis of the CHM (using 3–slope cohesive laws) provide accurate fits to the experi-
mental load versus COD responses measured by both the clip gage and photogrammetry.
As previously documented in [Skocˇek and Stang , 2009], the photogrammetry equipment
is unable to measure elastic deformation of concrete due to resolution limitations, lead-
ing to unreasonably high elastic modulus estimates by the inverse analysis. Therefore,
only the cohesive laws are compared from the clip-gage and photogrammetric analyses
(Figures 2.29(b) and (c) for Mixture 1 (concrete) and 2 (SFRC), respectively). In both
cases, critical crack width and normalized traction slightly increased using photogramme-
try measurements. Critical crack width, wc increased by up to 18%, while fracture energy,
GF increased by up to 10%.
Photogrammetry measurements ensure the measured deformation is from a single crack
within the cracked hinge region (Figure 2.9(a)) and likely better represent the material’s
fracture behavior. Table 2.8 shows the cohesive law terms (i.e., ai and bi) for both Mixtures
1 and 2 determined using photogrammetry and clip gage data. It should be noted that
these values are from a single test and are not averaged as was data presented in Tables
2.6.
2.3.3 Comparison of crack profiles from CHM and visual observations
Figure 2.30 shows the estimated and measured crack profiles from several cracked Mixture
1 WST specimens. Estimate crack profiles were determined using the CHM (Equation
2.7) using the average 3–slope cohesive law shown in Figure 2.18(c). Crack profiles were
measured using plane impregnated (second impregnation) specimens as described in Fig-
ure 2.14. In addition, the coalesced crack depth is indicated for each cracked specimen
along the estimated profiles.
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(a)
(b) (c)
Figure 2.29 Comparison of (a) experimental and computed (3–slope cohesive law) load-
CMOD behavior measured by clip-gage and photogrammetry for Mixture 2.
3–Slope cohesive laws from inverse analysis of clip gage and photogrammetry
for (b) Mixture 1 and (c) Mixture 2.
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Figure 2.30 Crack profiles for WST specimens loaded to peak load, 0.15 mm and 0.20 mm
CMOD determined from CHM (plotted as lines) and from plane impregnated
specimens (second impregnation, plotted as symbols). The stars indicate the
depth of the coalesced crack (first impregnation).
The CHM estimated crack profiles show V-shaped cracking occurs in the WST specimens,
with crack width and depth increasing with increased CMOD. While the estimated pro-
files result in accurate fitting of experimental data (as shown in Figure 2.16 above), they
do not provide insight on crack features such as tortuosity, branching, coalesced cracks
versus isolated cracks, microcracking, etc.
Comparison of the coalesced crack length to the CHM estimated crack profiles; however,
suggests that only a portion of the estimated crack profile is a coalesced crack. As seen
in Figure 2.30, a significant length of the estimate crack profile was not comprised of a
coalesced crack. Interestingly, the length of the estimated crack profile which resulted
in crack coalescence was relatively consistent for Mixture 1 WST specimens. Estimated
crack lengths varying from 16.5 mm to 18.5 mm resulted in the formation of a coalesced
crack. The figure also shows crack opening displacement does not control crack coales-
cence. Based on these results, it may be possible to easily estimate the depth of the
coalesced crack using the CHM.
As shown in Figure 2.30 crack profiles, measured after the second impregnation step, also
show a V-shape trend in the crack shape. Peak load results most closely resemble the
CHM estimated profiles, with variations from estimated profiles likely caused by inherent
variability of concrete cracking and fracture properties. The portion of the crack beyond
the depth of the coalesced crack consisted of disconnected cracks, and at some depths
no cracking was observed. For example, the crack profile measured at peak load shows
a crack width of 0 mm at a depth of approximately -12 mm. As discussed in detail in
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Chapter 3, the depth of the coalesced crack seems to have a major influence on ingress
behavior.
2.3.4 Effect of plastic shims on crack width recovery
As described in Section 2.2.2 above, specimens were cracked to CMOD’s of 0.10 mm,
0.15 mm, 0.20 mm and 0.40 mm and held open using hard plastic shims (for moisture
ingress measurements described in Chapter 3). This section discusses the effectiveness of
the plastic shims at maintaining the crack width upon unloading the specimens.
Two WST specimens of Mixture 2 (SFRC) were loaded to 0.20 mm CMOD. One WST
specimen had two plastic shims placed into opposite sides of the notch prior to unloading,
while the other specimen was simply unloaded. SFRC specimens were used as the steel
fibers promote additional crack width recovery, and therefore this is the worst case for
assessing the functionality of the plastic shims. COD’s were measured using both the clip
gage and photogrammetry as shown in Figure 2.31. Figure 2.31(a) nearly half the CMOD
(measured by the clip gage) is recovered if a shim is not used (0.20 mm CMOD reduced
to 0.105 mm). Even using the plastic shims CMOD recovery occurs (Figure 2.31(b)), but
to a lesser extent (0.20 mm CMOD reduced to 0.168 mm). However, CMOD recovery
also occurs due to elastic unloading of the bulk (uncracked) specimen and recovery of
other cracks (e.g., cracks extending from corner of recess). Therefore, photogrammetry
measurements taken from the specimens’ surface, which directly measure the crack width
more reliably assesses the effectiveness of the shims.
(a) (b)
Figure 2.31 Splitting load versus COD measured using clip gage at the crack mouth and
photogrammetry at the crack edge (bottom of notch) and 5 mm from bottom
of crack from Mixture 2 WST specimens loaded to 0.20 mm CMOD and then
unloaded (a) without and (b) with plastic shims inserted.
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COD measured by photogrammetry at the crack edge (bottom of notch) and 5 mm from
the bottom of the crack, also shown in Figure 2.31, indicate the plastic shims effectively
lessen crack width recovery. In Figure 2.31(a) the crack width at the crack edge reduced
by 46% (from 0.110 mm to 0.060 mm) and by 42% (from 0.035 mm to 0.020 mm) near
the crack bottom upon unloading. The plastic shims minimized crack width recovery, as
shown in Figure 2.31(b). The crack width at the crack edge reduced by only 9% (from
0.095 mm to 0.085 mm) upon unloading, with shims in place. Near the bottom of the
crack, the crack width reduced by 19 % (from 0.020 mm to 0.015 mm). Crack width values
from photogrammetry have been rounded to the nearest 0.005 mm due to resolution of
the measurement technique (see Paper II for more details on the resolution of the system).
2.4 Summary and conclusions
This chapter provides an introduction to fracture mechanics and its applicability to de-
scribe fracture in concrete and other cementitious materials. Test and analysis methods
were presented for determining fracture parameters, and the results of experimental in-
vestigations using the wedge split test specimen to determine fracture parameters and
cracking behavior were discussed. The following conclusions have been drawn from this
portion of the work:
• Fracture parameters were estimated through inverse analysis of the cracked hinge
model on experimental data collected using a clip gage and photogrammetry. Epoxy
impregnated specimens indicated, however, that cracking occurred in all WST speci-
men at the corners of the recess. This cracking violates an assumption of the cracked
hinge model. Therefore photogrammetry, which provides a local measurement of the
crack opening, appears to be a better measurement tool for use when estimating
cohesive laws.
• 3–slope cohesive laws were determined to be the optimal number of degrees of free-
dom for both accurate fitting of experimental data and acceptable computation
times for the concrete and steel fiber reinforced concrete mixtures used here. Further
increases in the number of degrees of freedom only provided minor improvements
in fitting of experimental data and caused several issues, including non-unique in-
verse analysis solutions, convergence not being reached, and extensive increase in
computation time. Fewer degrees of freedom (i.e., 2–slope cohesive law) provided
a less refined fit of the experimental data, however results were presented as some
modeling software is only capable of implementing 2–slope cohesive laws.
• Analysis of plane and thin sections indicated a complex cracking behavior for the
WST specimens, including crack branching, formation of apparently isolated cracks
and microcracks, and a rough cement paste fracture surface. Ettringite crystals
were observed in all thin sections, likely caused by the 24 hours exposure to liquid
water during moisture ingress testing described in the following chapter.
• Comparison of measured and estimated crack profiles indicate that for Mixture 1,
a crack coalesces after approximately 16.5 to 18.5 mm of crack length as estimated
Department of Civil Engineering - Technical University of Denmark 53
Determination of fracture properties of unreinforced concrete 2.4 Summary and conclusions
by the cracked hinge model. The cracked hinge model cannot provide detailed
descriptions of crack morphology; however, the length of the non-coalesced portion
of a crack may be relatively constant for a given mixture design. Therefore, the
coalesced crack length may be estimated by the crack hinge model.
• Photogrammetry results indicated plastic shims effectively reduced crack width re-
covery when cracked WST specimens were unloaded. A WST specimen unloaded
without shims placed in the notch recovered 46% of the crack opening displacement,
while the hard plastic shims reduced recovery to 9%.
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Chapter 3
Impact of cracks on transport of
moisture and chloride ions
3.1 Introduction
This chapter presents an investigation on the impact of cracking on movement of var-
ious aggressive substances in concrete. Section 3.1 of this chapter provides a review of
fundamental transport mechanisms in porous materials and various complications for esti-
mating transport in cementitious materials. Transport mechanisms, which control ingress
of moisture and/or ions in porous materials, are presented in Section 3.1.1. As the focus
of this Ph.D. project is on the ingress of substances leading to corrosion of steel rein-
forcement embedded in concrete, attention is focused on ingress of moisture and chloride
ions and various factors effecting ingress in concrete. Section 3.1.2 specifically discusses
previous observations on the impact cracking has on transport mechanisms in concrete
and other cementitious materials. Short descriptions of experimental methods previously
used to monitor transport in cracked concrete are included. Section 3.2 describes the
experimental techniques used here. Results and discussion of results are presented in
Section 3.3. Conclusions of these investigations are presented in Section 3.4.
3.1.1 Transport mechanisms
The transport of gases and liquids through concrete and other cementitious materials
takes place by various mechanisms depending on initial moisture conditions and the en-
vironmental exposure. The Nernst-Planck equation (Equation 3.1) describes the flow of
ions through a porous material [Nilsson et al., 1996; Marchand , 2001]:
Fi = −Di∂ci
∂x
+
ziF
RT
Dici
∂E
∂x
+ ciFe (3.1)
where Fi is the total flow of ion, i. The first term accounts for diffusion, therefore Di is
the diffusion coefficient of ion i, ci is the concentration of ion i, and x is the depth. The
second term is the pure electrical migration caused by an electrical potential gradient ∂E
∂x
,
where zi is the electrical charge, F is Faraday’s constant, R is the gas constant, and T
is the temperature. The third term, Fe accounts for convection of ions through the flow
of a solution. The effect of chloride binding, discussed below, is not considered by the
55
Impact of cracks on transport of moisture and chloride ions 3.1 Introduction
Nernst-Planck equation.
Transport may occur through a single or any combination of controlling mechanisms,
depending on the conditions of the porous material and the exposure environment. The
following sections provide additional details on individual transport mechanisms and ex-
planations of which mechanism(s) controls based on initial conditions.
Diffusion
Diffusion of chloride ions in concrete is controlled by Fick’s second law of diffusion, which
describes non-steady state diffusion (or time-dependency of concentration) of a single
diffusion ion (i.e., no interaction with other ions) as shown in Equation 3.2 [Fick , 1855]:
∂ci
∂t
= D
∂2ci
∂x2
(3.2)
where, ci is the concentration of the diffusing ion, t is time, D is the diffusion coefficient,
and x is the depth. Typically, the complimentary error function (or Crank’s) solution
is applied to cementitious materials (e.g., [Crank , 1986; Nilsson et al., 1996; Neithalath
et al., 2005; Poulsen and Mejlbro, 2006]), as presented in Equation 3.3
ci(x, t) = ci,0
[
1− erf
(
x
2
√
Dt
)]
(3.3)
where, ci(x, t) is the concentration of a substance as a function of depth, x and time, t,
ci,0 is the surface concentration, and the error function, erf is:
erf(z) =
2√
pi
∫ z
0
exp(−u2)du (3.4)
Diffusion in concrete and cementitious materials is further complicated as the diffusion
coefficient, D has been shown to vary with maturity age (or degree of hydration), w/c,
temperature, degree of saturation (or relative humidity), concentration of chloride ions
and associated cation, depth within the concrete, chloride binding, and the use of mineral
and/or chemical admixtures. Detailed descriptions of these effects and models for calcu-
lated the diffusion coefficient considering the various factors are provided in the literature
(see e.g., [Saetta et al., 1993; Sandberg , 1995; Nilsson et al., 1996; Nielsen and Geiker ,
2003; Poulsen and Mejlbro, 2006; fib Bulletin 34 , 2006; Life-365 Consortium II , 2010]);
however several are described in the following which are considered central to this work.
The amount of moisture in the concrete pore structure has a major impact on diffusion
coefficient [Saetta et al., 1993; Nielsen and Geiker , 2003], which is of particular importance
in this work as the specimens used were conditioned to 50% RH prior to exposure to
chloride containing water. In [Saetta et al., 1993] the diffusion coefficient was simply
related to changes in relative humidity inside the concrete; with a critical relative humidity
value of 75% causing a rapid drop in diffusivity. Nielsen and Geiker [2003] suggested the
impact of degree of saturation may be estimated from the amount of water filled capillary
pores, determined by simple volume calculations of the total amount of capillary pores
(based on Power’s model [Powers and Brownyard , 1947]), and sorption isotherms.
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Binding of chloride ions
Chloride ions can be bound chemically and physically in concrete. Binding provides a
‘chloride sink’ that delays the ingress of chloride ions. Chemically, chlorides bind with
cement to form Friedel’s salt (3CaO·Al2O3 ·CaCl2 ·10H2O) [Midgley and Illston, 1984;
Nilsson et al., 1996; Birnin-Yauri and Glasser , 1998; Xi and Bazant , 1999]. Physical
binding is generally thought to take place at the pore walls [Nilsson et al., 1996; Xi and
Bazant , 1999]. Bound chlorides may be partly liberated if the free chloride concentration
reduces [Luping and Nilsson, 1993]. Therefore, the ‘chloride sink’ provided by binding
may shift to a source of chloride ions. Binding may delay reinforcement depassivation as
only free (unbound) chloride ions are available to interact with steel reinforcement. Still,
the risk of reinforcement corrosion remains as binding is nearly completely reversible if
pore solution pH drops below approximately 11 [Tuutti , 1982a; Glass et al., 2000; Glass
and Buenfeld , 2000; Reddy et al., 2002].
Capillary suction
Capillary suction or wicking occurs in dried or partly dried porous materials. Capillary
suction occurs due to pore pressure, P pulling water (and ions contained in the water) into
the porous material as described by the Young-Laplace equation for an idealized (round)
pore:
P = −2γ cos θ
r
(3.5)
where γ is liquid-vapor surface tension of fluid, θ is the contact angle between the liquid
and solid phases, and r is the pore radius. Using the Young-Laplace equation, the pressure
resulting from the collapse (i.e., drying) of water in a pore is calculated. Vapor pressure,
ln( p
p0
) is related to pore size using the Kelvin equation (Equation 3.6)
ln
(
p
p0
)
= −2γVm
rRT
(3.6)
where Vm is the molar volume, R is the gas constant, and T is temperature. Equation
3.6 describes the emptying (e.g., drying, evaporation, etc.) and filling of capillary pores
(e.g., wetting, wicking, etc.) as a function of changing vapor pressure. Typically, when
dealing with cementitious materials the vapor of interest is water vapor. According to
Equation 3.5 pores with larger radius require less pressure to cause collapse of the water
meniscus (i.e., drying). Therefore, during drying of a porous material with a distribution
of pore sizes, large pores lose their moisture initially, followed by smaller pores. The
opposite occurs during wetting, where smaller pores fill initially, followed by larger pores.
Equation 3.7 is generally used to predict capillary suction (for one-dimensional ingress)
W/A = S
√
t (3.7)
where, W is the volume of water absorbed, A is the exposed surface area, and S is the
sorptivity (mm2/s).
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Capillary suction has been shown to relate to initial moisture content according to Equa-
tion 3.8. Equation 3.8, initially proposed to describe the influence initial moisture content
had on capillary suction in soils [Philip, 1957] was found to be applicable to brick [Hall
et al., 1983] and later cementitious materials within a limited range of RH [Hall , 1989;
Geiker and Laugesen, 2001].
Si = S0 · (1− αθi)0.5 (3.8)
where, Si is sorptivity at a given uniform moisture content, θi, S0 is sorptivity of a dry
sample, and a is 1.08 for cementitious materials.
Chloride ion transport through capillary suction Ions may be transported with
water moving due to capillary suction. According to [Nilsson et al., 1996], the amount of
chlorides, QCl (kg/m
3) pulled into concrete through capillary suction of chloride solutions
is expressed as:
QCl(t) =
c
ρw
· S√t (3.9)
where t is the duration of capillary suction (seconds), c is the salt concentration (kg/m3),and
ρw is density of water.
Dissolved chloride ions have been shown experimentally to rapidly ingress due to capillary
suction; however, chloride binding still slows the ingress of chlorides compared to water
ingress [Volkwein, 1993; Akita and Fujiwara, 1995]. Additionally, contamination of water
with chloride ions (and the associated cation) have been shown to influence the solution
surface tension, viscosity, and ingress behavior in accordance with Equation 3.10 [Kelham,
1988; Weiss , 1999]:
x(t) =
√
4kγ cos(θ)t
φµr
(3.10)
where, x(t) is the penetration depth (m) at time t (sec), k is the intrinsic permeability
(m2), φ is the material porosity, µ is the viscosity of the fluid (kg/(m · s)). Previous
research, investigating the influence of shrinkage-reducing admixtures, has indicated ab-
sorption rate is proportional to the square root of the ratio of surface tension and viscosity
of the fluid (
√
γ/µ) [Bentz , 2006; Pour-Ghaz et al., 2009, a; Sant et al., 2010].
Further research in [Spragg et al., submitted] indicates increasing concentrations of ions
from salts (NaCl, CaCl2, and MgCl2) cause increased surface tension and viscosity (com-
pared to deionized water), leading to reduced absorption of the solutions into concrete.
The
√
γ/µ-absorption proportionality holds for salt solutions; therefore, increased salt
concentrations affects (i.e., slows) absorption of the solution into concrete.
Permeation
Permeation, or the flow of a liquid or gas through a porous material via a pressure gradient,
is described (for laminar flow) using Darcy’s law (Equation 3.9), which was discovered by
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Henry Darcy [Darcy , 1856].
∂q
∂t
1
A
= kp
∂h
∂x
(3.11)
where, ∂q
∂t
is the flow rate per unit area, A; kp is the permeability coefficient, and ∂h
is the pressure difference across the specimen thickness, x. Resistance to permeation
(permeability coefficient) is affect by viscosity of the permeating material, tortuosity, and
connectedness of pore network [Nilsson, 2002].
Chloride ions, which appear to have little effect on permeation [Buenfeld et al., 1995;
Nilsson et al., 1996], can also ingress with water through permeation; however, the effects
of binding and RH previously described still apply.
3.1.2 Review of literature on ingress in cracked concrete
The following sections present a review of previous efforts to characterize the influence of
cracking on the various transport mechanisms described above.
Diffusion
The diffusion of chloride ions in saturated, cracked concrete has been investigated in
[Rodriguez and Hooton, 2003; De Schutter , 1999], with diffusion of carbon dioxide also
considered in the latter reference. In [Rodriguez and Hooton, 2003], cylindrical concrete
specimens were completely split using either splitting tensile loading or by cutting (i.e.,
fractured and smooth surfaces were investigated) and the cracks were set to widths be-
tween 0.08 to 0.68 mm using shims between the split surfaces. The resulting cracks
were therefore parallel and extended through the entire cross section of the specimen. In
[De Schutter , 1999], cracks were simulated by casting inserts with varying widths and
depths into mortar specimens. This method causes a higher paste content at the crack
surface and an idealized crack geometry, which does not accurately portray an actual
crack based on the descriptions of cracks in Chapter 2. The crack walls were parallel and
did not extend through the entire specimen depth.
In both cases, diffusion of chloride ions increased at the location of the crack into the
depth of the specimen. In [Rodriguez and Hooton, 2003], the fractured (and smooth)
surfaces behaved as a free surface for diffusion (i.e., similar chloride ingress and diffusion
coefficients from top surface and fracture surface) for all crack widths investigated. The
minimum crack width used in these tests was 80 microns.
In [De Schutter , 1999], a crack influence factor, λCl was introduced to estimate an average
effect of crack width and depth on diffusion. Equation 3.12 describe the influence of cracks
on chloride diffusion:
DCa,Cl(w, d) = λCa,Cl(w, d) ·DCl,Ca(w = 0, d = 0) (3.12)
where DCa,Cl(w, d) is the crack width- and depth-dependent chloride ion or carbonation
diffusion coefficient, DCa,Cl(w = 0, d = 0) is the chloride ion or carbonation diffusion
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coefficient of uncracked material, and λCl and λCa is given by Equations 3.13 and 3.14,
respectively.
λCl = exp
[
0.2541
(
d
d0
)0.5202(
w
w0
)0.2652]
(3.13)
where, d0 and w0 are 1 mm. Similarly, a crack influence factor for carbonation, λCa was
determined in [De Schutter , 1999] as shown in Equation 3.14:
λCa = exp
[
0.3173
(
d
d0
)0.3270(
w
w0
)0.6803]
(3.14)
Equations 3.13 and 3.14 indicate that increasing crack width and/or depth causes in-
creased average rate of diffusion of chloride ions and carbonation. The crack influence
factor, λ is more significant for chloride ion ingress compared to carbonation. While the
trends found in [De Schutter , 1999] are reasonable and the expressions are potentially
important factors which could be implemented in service life prediction models, several
issues should be noted. In addition to the fact that cracks were introduced by inserts as
described above, the equations were derived from a limited range of crack widths (0.20,
0.30, and 0.50 mm wide inserts) and depths (5 and 10 mm long inserts).
In both cases, the induced cracks were somewhat idealized compared to the type of crack-
ing described in Chapter 2; where cracks are described to consist of regions of coalesced
and isolated cracks. Additionally, V-shaped or flexural cracks are not considered. Based
on [Rodriguez and Hooton, 2003], coalesced crack with width at least greater than 80
microns have a free surface behavior; however, isolated cracks seen in V-shaped cracking
have a much less significant effect on diffusion [Nilsson et al., 1996].
Capillary suction
Both discrete (single) and distributed cracking influence the capillary suction of cementi-
tious and other porous materials [Van Geet , 2001; Roels et al., 2003; Weiss et al., 2004;
Yang , 2004; Roels and Carmeliet , 2006; Pour-Ghaz et al., 2009; Pease et al., 2009].
In [Yang , 2004], distributed cracks induced by freeze-thaw cycling caused increased initial
and total sorptivity of the concrete. Comparisons of sorptivity and cracking behaviors in
that study concluded that isolated cracks caused slight increases in the total sorptivity
(due to increased voids in the concrete); however, the initial sorptivity was only signifi-
cantly effected after significant freeze-thaw degradation caused a connected crack network.
Studies of discrete cracks indicate that cracks allow for a rapid (nearly instantaneous)
ingress of water or solutions into the depth of the porous material [Roels et al., 2003;
Roels and Carmeliet , 2006; Weiss et al., 2004; Pour-Ghaz et al., 2009]. Detailed compar-
ison of the cracking and water uptake behavior in concrete indicated the time-dependent
saturation perimeter is related to the geometry of the coalesced crack [Weiss et al., 2004].
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As measurement of water uptake is a central focus of the work presented in this chapter,
the application of several tomography measurement techniques is describe in below.
Tomography measurement techniques Several tomography techniques have been
previously used to monitor water ingress in cracked and uncracked porous building mate-
rials such as γ-ray attenuation [Nielsen, 1972; Kumaran and Bomberg , 1985], NMR/MRI
[Gummerson et al., 1979; Chen et al., 2003; Mastikhin et al., 2002], and positron emis-
sion tomography (PET) [Hoff et al., 1996]. Typically, these techniques measure moisture
content at discrete points in a sample, requiring many measurements to provide a clear
picture of the moisture distribution in the specimen. Additionally, for the PET scan a
tracer radioisotope must be dissolved in the water to track movements; however, this
tracer may bond with pore walls and not move with the moisture front [Hoff et al., 1996].
A comparison of these different imaging techniques in [Roels et al., 2004] indicated strong
agreement except for γ-ray attenuation. This was attributed to the rapid ingress rate of
the material used for comparison (calcium silicate); other work has shown better results
for material with less rapid ingress. A further technique, thermal neutron tomography, is
highly effective due to water’s high thermal neutron attenuation coefficient (due to high
hydrogen content of water) [Masschaele et al., 2004]; however, few facilities are available
for such testing.
Permeation
Cracking has a major impact on permeation and watertightness of concrete, and a signif-
icant amount of work has investigated the effect of cracking and self-healing on concrete
permeability [Saito and Ishimori , 1995; Greiner and Ramm, 1995; Wang et al., 1997; Ed-
vardsen, 1999; Aldea et al., 1999; Ramm and Biscoping , 1998; Aldea et al., 2000]. Minutes
crack widths (approximately 50 microns) result in increases in permeability coefficient, kp
(Equation 3.11) by over an order of magnitude [Wang et al., 1997].
Models to estimate flow of liquids through parallel concrete cracks have been developed
in [Edvardsen, 1999; Aldea et al., 2000]. Both modeling approaches use Poiseuille’s law,
which describes liquid flow through a parallel, smooth crack (Equation 3.15).
q0 =
∆p · b · w3
12 · η · d (3.15)
Here, q0 (m
3/s) is the initial flow rate in a smooth, parallel wall crack, ∆p is the water
pressure difference between the flow inlet and outlet, b is the crack length, w is the
crack width, η is the solution’s absolute viscosity, and d is the length of the flow path.
As concrete fracture surfaces are typically not smooth, a ‘roughness’ factor, ξ must be
included as shown in Equation 3.16:
qr = ξ · ∆p · b · w
3
12 · η · d (3.16)
Variation in the roughness factor, ξ range from 0.0045 and 0.53 in the literature [Breysse
and Ge´rard , 1997; Edvardsen, 1999; Aldea et al., 2000].
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Self-healing (or autogenous healing) of cracks has been shown to drastically reduce per-
meation with time for both static and dynamic cracks [Edvardsen, 1999; Ramm and
Biscoping , 1998]. The initial crack width was found to be the most important factor
in the rate and degree of self-healing; therefore, the following simplified expression was
proposed in [Edvardsen, 1999] to estimate the time dependent flow rate, q(t):
q(t)
q0
= 65 · w−1.05m t(−1.3+4wm) − 105 · w5.8m (3.17)
where, wm is the mean surface crack width and t is the water exposure time.
In [Aldea et al., 2000], the influence of crack geometry (parallel cracks versus V-shaped
cracks) was investigated. Results concluded that parallel cracks caused greater increases
in permeability coefficient, which was attributed to differences in crack geometry. This
hypothesis is reasonable when comparing to results from other transport mechanisms,
which indicate that isolated crack associated with V-shaped cracks have reduced effect on
ingress parameters.
3.2 Experimental procedures
The following sections describe the experimental investigations completed as part of this
study using the WST to study the effect cracking has on the ingress behavior of moisture
and chloride ions. Moisture ingress was monitored through x-ray attenuation measure-
ments, an increasingly common technique (see e.g., Bentz et al. [2001]; Hu and Stroeven
[2003]; Lura et al. [2004]; Roels and Carmeliet [2006]; Pour-Ghaz et al. [2009]), as de-
scribed in Section 3.2.2. Chloride ingress was detected by colorimetric testing using silver
nitrate as described in Section 3.2.3.
3.2.1 Materials and specimen preparation
As described in Section 2.2.1, WST specimens were cast using Mixtures 1 (Table 2.1).
The specimens were cured, cut, and conditioned to 50% ±3 % RH prior to application
of load to induce cracking. Weight of several samples was monitored during conditioning
and ingress testing did not proceed until weight change was at a minimum (± 0.02%
weight change). Conditioning took place over a period of no less than one year.
Moisture ingress testing was completed for Mixtures 1 under varying load (unloaded and
peak load) and cracking (0.10 mm, 0.15 mm, 0.20 mm, and 0.40 mm CMOD) conditions.
Chloride ingress testing, which used a destructive procedure, was completed for Mixtures
1 with a CMOD of 0.20 mm. The peak load was the average peak load from tests discussed
in Chapter 2. Loading and cracking of the WST specimens was completed following the
procedures described in Section 2.2.2.
Once the target CMOD was reached for the cracked specimens, loading was paused and
hard plastic shims were inserted into the notch to minimize crack recovery (Section 2.3.4).
Immediately after removing specimens from the loading machine, aluminium foil tape
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(a) (b)
Figure 3.1 GNI X-ray attenuation systems at (a) the Technical University of Denmark
and (b) Purdue University. (Author’s photos)
(2.5” Nashua 324A cold weather foil tape) was used to seal the sides and bottom of the
specimen. It was found that placing individual strips of the 62.5 mm (2.5 inch) aluminum
tape vertically (i.e., parallel to the crack in the WST specimen) provided the best sealing
and minimized leakage. Individual strips of tape were overlapped by a minimum of 10
mm. As can be seen in Figure 3.2(a) only the top surface was left unsealed to allow for
ponding with water or chloride solution. The partially sealed cracked specimens were
stored in sealed plastic bags in a 50% ±3% relative humidity and 20◦C ±2◦C chamber
until ingress testing. The specimens were placed in sealed plastic bags and ingress testing
was completed within one month to minimize carbonation of the cracked surface.
3.2.2 X-ray attenuation measurement technique
Two GNI x-ray facilities were used during this research. One located at the Purdue
University Charles Pankow Concrete Materials Laboratory (Purdue facility) [GNI , 2006]
and one located at the Technical University of Denmark (DTU facility) [GNI , 2008].
Figure 3.1 shows both systems, which consist of an x-ray source, a scintillation counter
(x-ray camera), and a programmable three-axis motion frame for moving the source and
camera located in a shielded environmentally controlled chamber. As shown in Figure
3.2(a), specimens are located between the x-ray source and camera. The x-rays produced
by the source interact with the specimen prior to reaching the x-ray camera. As the x-rays
impact the specimen some are absorbed or deflected while others pass through unabated.
As described below, the amount of x-rays passing through the specimen is effected by,
among others, changes in moisture content. The following paragraphs describe the x-ray
measurement technique in greater detail, including detailed descriptions of the scintillator,
the underlying theory of the technique, and the measurement procedure.
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(a) (b)
Figure 3.2 (a) The x-ray system setup includes a moveable frame, x-ray source and cam-
era, and specimen holders and (b) the location of x-ray images taken on the
WST specimens. (Author’s photos)
Scintillation counters
Scintillator are a group of materials which scintillate, or luminesces, when excited by
ionized radiation (x-rays here). When coupled with a photomultiplier, that luminescence
can be recorded and analyzed. Here, a 25 mm x 25 mm thallium doped sodium iodide
(NaI(Tl)) crystal scintillator was coupled to a 252x256 pixel photomultiplier in an ‘x-
ray camera.’ The photomultiplier records the number and location of scintillation events
detected by each pixel during a preset period of time. This time period is called the
integration time, and is akin to shutter speed in visible light cameras. The number of
scintillations during the integration time is known as intensity, which has a unit of counts,
or hits. Figure 3.3 shows grayscale images from the x-ray camera from both mixtures.
The fibers in Mixture 2 are clearly visible in Figure 3.3(b) due to the increased attenua-
tion coefficient of steel, as discussed below.
An important distinctions between the x-ray cameras used here and other scintillation
counters, called x-ray detectors, commonly used should be noted. X-ray detectors measure
x-rays at a single point (or small area) in a specimen over a period of time [Bentz et al.,
2001; Hu and Stroeven, 2003; Lura et al., 2004; Weiss et al., 2004]. Spatial data is therefore
provided by repeating measurements at many locations, moving the x-ray source and
detector relative to the specimen between measurements. For example, in [Weiss et al.,
2004] an x-ray detector was used to observe water ingress in WST specimen over an area
similar to the size shown in Figure 3.2(b). A total of 91 measurements were taken for one
observation using a 13 x 7 grid. Here, by using an x-ray camera a total of 15 measurements
(Figure 3.2(b)) result in a total of 695506 points being monitored (1057x658 grid). In
contrast, the x-ray camera used here only detects the intensity (i.e., counts), but not the
energy of the individual counts. Most x-ray detectors are equipped with photomultipliers
that not only detect scintillation events, but also analyze the brightness of these events.
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(a)
(b)
Figure 3.3 Sample x-ray images compiled from 15 individual measurements for (a) Mix-
ture 1 and (b) Mixture 2. The alignment grid in (a) was used to assure compiled
images aligned properly.
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Brightness is related to the energy of the x-ray exciting the scintillator, which has been
used in the past to characterize the x-ray spectra [Weiss et al., 2004]. However, as describe
in the following section, intensity variations alone can be used to detect moisture content
changes in porous materials.
Theoretical background
Figure 3.4(a) shows the fundamental layout of the x-ray attenuation measurements. The
x-ray source produces an x-ray beam with a given incident intensity, I0, which passes
through a test specimen with thickness, t. As the x-ray beam passes through the specimen
a portion of the incident intensity, I0 is attenuated (i.e., absorbed and scattered) and the
transmitted intensity, I is recorded by an x-ray camera. The attenuation behavior is
described for a homogeneous x-ray beam (x-rays of single energy level) by the Beer-
Lambert law (Equation 3.18) [Knoll , 1989; Hansen et al., 1999]:
Figure 3.4 Fundamental explanation of use of x-ray attenuation measurements. (a)
Schematic description of Beer-Lambert law (Equation 3.18). (b) Effect of
moisture movements on x-ray attenuation measurements as described by a
composite of a dry specimen and an thickness of water representing moisture
in the specimen.
I = I0exp(−µt) (3.18)
where, µ is the linear attenuation coefficient. The linear attenuation coefficient, µ is a
material property shown to relate to a material’s density, ρ and effective atomic number,
Zeff
(
Zeff =
3.8
√∑
fiZ3.8i
)
and the x-ray source voltage, E (keV) as described in Equation
3.19 (for x-ray energies below 200 keV) [Van Geet , 2001; Dyson, 1973; Curry et al., 1990].
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µ = ρ
(
a+ b
Z3.8eff
E3.2
)
(3.19)
where a and b are coefficients describing Compton scatter and photoelectric absorption,
respectively [Van Geet et al., 2001]. Based on Equations 3.18 and 3.19, it can be seen
that changes in density, µ and/or effective atomic number, Zeff in a porous material (due
to changes in moisture content) will be marked by a change in the transmitted intensity,
I. Furthermore, according to Equation 3.19 the incident x-ray energy reduces the linear
attenuation coefficient, µ for a substance (discussed further in Section 3.3.1).
Figure 3.4(b) illustrates the effect moisture ingress has on the x-ray attenuation behavior
by simplifying the process as a composite system consisting of a dry sample in series with
liquid water with thickness, tw. Previous works have shown Equation 3.20 can be used to
describe the x-ray attenuation response of the series composite systems illustrated in Fig-
ure 3.4(b), and furthermore that this composite system can be used to describe moisture
ingress in porous materials [Hansen et al., 1999; Roels and Carmeliet , 2006; Baker et al.,
2007]. Equations 3.20 and 3.21 describe the attenuation of x-ray by the composite. The
transmitted intensity through the dry specimen, Idry, is calculated according to Equation
3.20 (analogously to Equation 3.18). The addition of water, with thickness tw and lin-
ear attenuation coefficient µw, to the composite system simulates moisture ingress. The
transmitted intensity through the wet specimen, Iwet is further reduced by the presence
of water according to Equation 3.21.
Idry = I0 · exp(−µt) (3.20)
Iwet = Idry · exp(−µwtw) = I0 · exp(−µt− µwtw) (3.21)
The series composite system describes moisture ingress by increasing the water thickness,
tw, while drying corresponds to a reduction in water thickness. The change in moisture
content during exposure to water can be directly measured through x-ray attenuation
measurements by comparing Idry and Iwet [Hansen et al., 1999; Roels and Carmeliet ,
2006], as shown in the following.
Change in moisture content of a specimen, ∆w (kg/m3) is calculated as change in water
volume within the specimen volume or, assuming a constant cross-section, a change in
water thickness within the specimen thickness according to Equation 3.22:
∆w =
ρw∆Vw
V
=
ρw∆tw
t
(3.22)
where, ρw is the density of water (1 g/cm
3), ∆Vw is the change in water volume within the
specimen’s volume, V ; and ∆tw is the change in water thickness within the specimen’s
thickness, t.Equation 3.21 can be therefore be rewritten as:
Iwet = Idry · exp
(
− µw∆wt
ρw
)
(3.23)
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and solving for change in water content, ∆w:
∆w = − ρw
µwt
ln
(
Iwet
Idry
)
(3.24)
The intensity Idry is a measure of a specimens initial moisture condition, while Iwet is
measured at various times after exposure to water. Equation 3.24 in this form describes
a wetting experiment (i.e., specimen was initial dry and then exposed to water); however,
by inverting the Iwet/Idry ratio to Idry/Iwet a drying experiment would be described.
Measurement procedure
Using the GNI X-ray systems two series of test were completed: 1) optimization of x-ray
measurement settings 2) moisture ingress testing in cracked WST specimens.
Series 1 - Optimization of x-ray measurement setting Series 1 measurements were
completed to assess how various factors are influenced by the x-ray settings, including the
amount and variation of transmitted intensity and the linear attenuation coefficients of
concrete. The settings considered in the optimization were the x-ray source voltage and
current and integration time.
To assess the effect changing x-ray settings have on the amount and variation of trans-
mitted intensity, I through a 50 mm thick concrete specimen, images were repeatedly
captured using varying x-ray energy settings. The energy levels used included voltages of
40, 50, 60, 70, and 75 keV, all at a current of 100 µA. A total of 28 images were captured
using an integration time of 5 seconds for each image. The average and standard devia-
tion of the transmitted intensity detected by each pixel in the images were computed for
all images take at each energy setting. The coefficient of variation, cv was calculated by
Equation 3.25:
cv =
N∑
i=1
σi
µi
/
N × 100% (3.25)
where, σi is the standard deviation in transmitted intensity, µi is the average transmitted
intensity and N is total duration of the measurements (seconds).
The linear attenuation coefficient of the concrete, µ was determined by measuring the
transmitted intensity, I using a Mixture 1 cylinder cut into various thicknesses (0 (air),
4.4, 6.1, 11.9, 14.4, 16.6, 20.1, 31.6, 42.0, and 50.5 mm). Measurements were taken using
various energy settings, including all combinations of 30, 40, 50, 60, and 70 keV and 20,
30, 40, 50, 60, 70 µA. Higher energy settings were not used due to potential damage to the
x-ray camera associated with the 0 mm (air) measurements. The initial intensity, I0 was
assumed to be the transmitted intensity through air and the linear attenuation coefficient
was determined using Equation 3.18.
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The linear attenuation coefficient of water was determined using wedge-shaped and parallel-
walled plastic containers with known dimensions placed in front of a 50 mm thick WST
specimen. Transmitted intensity, I was measured from the from the empty and filled
containers and the linear attenuation coefficient was determined using Equation 3.23.
Series 2 - Moisture ingress measurements As the size of the x-ray camera is smaller
than the WST specimens, x- and y-axis movements were programmed into the motion
frame to record images from the area shown in Figure 3.2(b). Images were recorded using
15 mm movements, both vertically and horizontally, in the order shown. At each mea-
surement location the x-ray camera recorded the intensity for a total of 50 seconds. After
each measurement, the dark current (image recorded by x-ray camera while x-ray source
is switched off) was recorded. The dark current was removed from each imaged, and the
resulting images were cropped, de-speckled, averaged, tiled, shifted, and analyzed using
a batch code written in ImageJ [ImageJ , 2008; ImageJ Tiler, 2008; Couch and Weiss ,
2009]. Figure 3.3 shows the results of the ImageJ procedure. Figure 3.3(a) shows that
the individual images, which comprise the compiled image, are properly aligned an po-
sitioned. A steel shield, used to outline the specimens and to protect the x-ray camera,
can be seen in Figure 3.3(b). Additional details on the basic use of the x-ray systems
and image processing with ImageJ is available in Appendix D. For all measurements
taken at the DTU facilities, the x-ray tube was allowed to warm-up for 200 seconds and
stabilize for 600 seconds to minimize variations in incident intensity, I0 based on an initial
investigation of the equipment described in [Scheﬄer et al., 2010]. Measurements taken
at the Purdue University facilities utilized the automatic settings of system to control the
warm-up and stabilization times. All measurements for Mixture 1 WST specimens were
taken using the Purdue facility, while Mixture 2 WST specimens were measured at the
DTU facility.
Three reference measurements were initially taken on the conditioned (50% ±3 % RH)
specimens to determine Idry. The three dry measurements were averaged. After the
reference measurements were taken the specimens were ponded with tap water. Additional
x-ray measurements were taken immediately after the introduction of water (i.e., 1 minute)
as well as at varying times after exposure to water. These measurements were Iwet in
Equation 3.24. The change in the moisture content was then calculated according to
Equation 3.24 using ImageJ. An empirical water ingress ratio (ABS ratio) was computed
using the x-ray images according to Equation 3.26:
ABS =
(Ix,y)dry − (Ix,y)wet,i
(Ix,y)dry − (Ix,y)wet,n · 100% (3.26)
where ABS is the empirical water ingress ratio, (Ix,y)dry and (Ix,y)wet,i are the transmitted
intensity recorded by each pixel in the dry specimen and wet specimen image taken at
each measurement time, i and (Ix,y)wet,n is the wet image recorded after 6 hours. After
6 hours of ponding, the initial moisture front had passed through the measurement area.
While the entire pore structure is likely not saturated after 6 hours, little change in x-ray
attenuation was seen after this time. The normalization to 6 hour measurements accounts
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for differences in intensity that occur due to variations in paste content in the concrete
[Weiss et al., 2004].
3.2.3 Chloride ingress testing
Due to the destructive nature of the silver nitrate (AgNO3) colorimetric testing procedure,
only two loading conditions were used including unloaded and ≈0.20 mm CMOD for
Mixtures 1 and 2. Conditioned specimens were ponded using a 10% chloride solution for
1, 3, 6, 9, 12, and 24 hours. After ponding, the specimens were emptied and a 12 mm
slice was removed using a concrete water saw. The surface of the larger piece was dried
by passing the breeze from a fan above the surface until all excess water was evaporated
(approximately 20 minutes). The top 2 mm of the surface was then removed by grinding.
After grinding, a 0.10 N AgNO3 solution was applied to the surface 3 to 4 times with a
spray bottle. Images were captured using a digital camera and thresholds were applied
to create binary images to distinguish the chloride contaminated regions. Image analysis
software was used to extract the needed data.
3.3 Results and discussion
3.3.1 Series 1 - Optimization of x-ray measurement settings
Figures 3.5 illustrate the effect of changing x-ray voltage and current on the incident
and transmitted intensity, I0 and I, respectively. The incident intensity, I0 is assumed
to be the transmitted intensity through a 0 mm thick specimen (i.e., air). Figure 3.5(a)
shows increasing x-ray source current caused a linear increase in transmitted intensity.
Linear fitting of the data resulted in a worst-case coefficient of determination (R2) value
of 0.992. The figure also indicates specimen thickness affects the transmitted intensity in
agreement with Equation 3.18. The affect of specimen thickness is discussed further in
this section. Figure 3.5(b) shows increasing x-ray source voltage caused an exponential
increase in transmitted intensity. Exponential fitting of the data resulted in a worst-case
coefficient of determination (R2) value of 0.901.
Table 3.1 shows the affect x-ray source voltage has on the average transmitted intensity
and the coefficient of variation, cv (Equation 3.25) measured using a 50 mm thick Mixture
1 specimen and a 30 second integration time. The average transmitted intensity is nor-
malized to the specimen thickness. The average transmitted intensity increased rapidly
when increasing voltage above 70 keV, similar to the trend in Figure 3.5(b). Increases
in the transmitted intensity are accompanied by decreases in the coefficient of variation.
Figure 3.6 shows the impact of integration time on cv with an x-ray source voltage and
current of 75 keV and 100 µA, respectively. Initially, increasing the integration time dras-
tically reduces cv; however, the benefits of increased integration time are less significant
after approximately 40 seconds. An integration time of 60 seconds was used based on
Figure 3.6, as it was found reliable without drastically increasing the total measurement
time. Limiting the variation of the measurements is vital to Series 2 testing. If variation
is too high the affect of the moisture ingress may be within the variation of measurements;
therefore, proper x-ray source and integration time settings are needed to accurately as-
70 Department of Civil Engineering - Technical University of Denmark
3.3 Results and discussion Impact of cracks on transport of moisture and chloride ions
(a) (b)
Figure 3.5 Influence of x-ray source (a) current and (b) voltage on the transmitted inten-
sity through Mixture 1 specimens of varying thicknesses.
sess moisture ingress.
Table 3.1 The influence of x-ray source voltage on the average intensity per mm of spec-
imen thickness per second of integration time and the coefficient of variation,
using a 30 second integration time.
Voltage Current Average intensity cv
(keV) (µA) (counts/mm/sec) %
50 100 0.60 4.09
60 100 1.35 0.98
70 100 5.41 0.70
75 100 25.80 0.45
Figure 3.7 is a graphical determination of the linear attenuation coefficient of Mixture
1 concrete using Equation 3.18. The value of −ln(I/I0) is plotted on the vertical axis,
while specimen thickness is plotted on the horizontal. The linear attenuation coefficient,
µ is assumed to be the slope from the origin to the first measured point (4.4 mm thick
specimen), and the resulting slope is included in the figure. The measured data points in
the figure rapidly drop below the linear attenuation coefficient slope due to beam harden-
ing, as described in the following paragraph. Error bars in the figure indicate variations
in the measurements provided by the different current settings used (20, 30, 40, 50, 60,
70 µA). Error bars for the 50 keV measurements are black and increase rapidly with
increased specimen thickness (50 keV and 20 µA resulted in complete attenuation). Er-
ror bars for the 70 keV measurements are white and fit within the symbols indicating
the average values, indicating minimal variability. The linear attenuation coefficient, µ
reduced with an increased x-ray source voltage, which is in agreement with Equation 3.19.
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Figure 3.6 Influence of integration time on coefficient of variation, cv using an x-ray source
voltage and current of 75 keV and 100 µA.
Figure 3.7 Determination of linear attenuation coefficient for concrete using Equation
3.18. Symbols indicate measured data, broken lines are the linear attenuation
coefficient as determined by extending the slope from the 4.4 mm specimen
measurement, vertical lines are error bars.
The linear attenuation coefficient, µ in the Beer-Lambert law (Equation 3.18) describes
the attenuation of x-rays from a homogeneous x-ray source. However, the x-ray sources
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used here produced heterogeneous x-ray beams across a spectrum of energies [Weiss et al.,
2004; Sant and Weiss , 2009]. According to [Brooks and Chiro, 1976], all substances are
more effective at attenuating low energy x-rays compared to higher energies. Therefore, “a
heterogeneous beam traversing an [x-ray] absorbing medium become proportionally richer
in high-energy photons, and hence more penetrating, or ‘harder’.” Thus, the term beam
hardening is used to describe this phenomenon. Figure 3.7 clearly shows the distortion
caused by beam hardening. According to the linear attenuation coefficient, µ at 75 keV,
the value of −ln(I/I0) should be 6.12 at a thickness of 50.5 mm; however, the average
measured value was found to be 4.26, a 32% reduction. Similar distortions in the linear
attenuation coefficient of brick have been seen previously [Roels and Carmeliet , 2006].
The use of prefilters, to filter out low energy x-rays, has been used in the past [Brooks and
Chiro, 1976]; however, further investigations are needed to determine suitable prefilters
for this application. Due to the distortion caused by beam hardening and variations in
paste content (discussed previously), all results from Series 2 testing were calculated using
Equation 3.26.
Figure 3.8 further illustrates the influence of x-ray source voltage settings on linear at-
tenuation coefficients, µ. This figure was developed based on a procedure in [Hubbell and
Seltzer , 2004; Sant and Weiss , 2009] to calculate µ for the major constituents of cement
paste (H2O, CaO, SiO2, and air) and steel (Fe) as a function of incident x-ray energy.
The linear attenuation coefficient for complex compounds is calculated using the mass at-
tenuation coefficients of the constituent elements, (µ/ρ)i (available in Hubbell and Seltzer
[2004]) as shown in Equation 3.27:(
µ
/
ρ
)
comp
=
∑
i
wi(µ/ρ)i (3.27)
where (µ/ρ)comp is the compound’s mass attenuation coefficient and wi is the weight
fraction of the ith atomic constituent. The compound’s linear attenuation coefficient
(µcomp) is the expressed as:
µcomp = (µ/ρ)comp · ρcomp (3.28)
where ρcomp is the compound’s density. Figure 3.8[A]; showing µcomp for Fe, H2O, CaO,
SiO2, and air; indicates the linear attenuation coefficient, µ for all materials decreases by
at least four orders of magnitude as the x-ray source voltage increases. This indicates that
as x-ray source voltage increases the materials are increasingly less effective at attenuating
x-ray. Figure 3.8[B] shows the model fit from Equation 3.19 for the various materials,
except air. The figure shows that Fe is the most effective constituent material at atten-
uating x-rays (Figure 3.3(b) also clearly indicates the steel fibers and shield are more
effective at attenuating x-rays). After Fe, CaO, SiO2, H2O, and air have decreasing linear
attenuation coefficients. Equation 3.19 describes the relatively low density (1 g/cm3) and
effective atomic number (7.544) of water equates to a smaller attenuation coefficient which
is more sensitive to increased incident x-ray energy than the solid phases. Values for Zeff
are provided, along with values for coefficients a and b in Table 3.2 for all compounds.
Measured linear attenuation coefficients of Mixture 1 concrete are shown in Figure 3.8
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indicated by the [C]. Based on Figure 3.8 the lowest feasible x-ray source voltage setting
should be used for measurements of moisture movement in order to maximize water’s
effect on x-rays.
Figure 3.8 The linear attenuation coefficient as a function of incident x-ray voltage from
[A] µcomp determination in Equation 3.28, [B] model fit from Equation 3.19
and [C] Series 1 measurements of the linear attenuation coefficient for Mixture
1 concrete specimens.
Table 3.2 Values of Zeff , ρ, a, and b for each compound.
Compound Zeff ρ (g/cm
3) a b
Fe 26 7.87
0.137
1.7
CaO 18.364 3.35 2.4
SiO2 11.847 2.65 3.5
H2O 7.544 1 4.9
Based on these Series 1 measurements x-ray voltage and current settings were 75 keV and
100 µA for Series 2 measurements. These values were found to both reliably track the
moisture ingress and provide reasonable measurement times for Series 2 measurements.
3.3.2 Series 2 - Moisture ingress measurements
Figure 3.9 show typical results of computed images of the ABS ratio from x-ray mea-
surements. The notch (indicated by the blue box in the figure) and the cast in recess
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were filled with water during moisture ingress measurements. Dark regions in the images
indicate areas where the concrete remains dry, while light regions indicate the addition
of moisture. The images indicate that water penetrated deeper into the 0.40 mm CMOD
WST specimen (Figure 3.9(b)). Grayscales were exported from the calculated images
ABS ration to produce contour plots shown in Figures 3.10-3.20 below.
(a) (b)
Figure 3.9 Calculated images of ABS ratio (Equation 3.26) from (a) 0.15 mm and (b)
0.40 mm CMOD Mixture 1 WST specimen after 40 minutes exposure.
Figures 3.10-3.20 show contour plots of the ABS ratio after varying exposure times for
Mixture 1 specimens at varying load levels or CMOD’s. The black rectangle indicates the
location of the notch. In all cases, moisture ingress increased with time. The figures also
indicate water traveled rapidly through cracks resulting in an accelerated ingress behavior
into the depth of the cracked WST specimens. The times of measurement indicated in
the figures captions are the time when x-ray measurements were started after exposure
to water. So, 1 hour indicates the x-ray measurement process was commenced one hour
after water was exposed to the specimen. Measurements taken at less than 5 minutes
from exposure to water seem to show an influence of the measurement time period (see
e.g., Figure 3.19(a) - the odd ingress shape may have been affected by the time between
measurements at individual locations). However at later times, changes in the moisture
content occur at a slower rate, and the time period of the measurement process has a less
significant effect.
Figures 3.10 and 3.11 show the moisture ingress in an unloaded Mixture 1 WST specimen
after 40 minutes, 1 hour, 2 hours and 18 minutes, 3 hours and 4 hours. For x-ray measure-
ments taken at early exposure times (< 3 hours), the outermost regions of the specimens
were not expected to change. Therefore, the two outer columns of measurements shown
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in Figure 3.3(b) (location numbers 7-9 and 13-15) were not recorded during these times.
Skipping these locations reduced the measurement time to approximately 18 minutes.
Figures 3.12(a), 3.15(a), 3.17(a), 3.19(a) show the moisture ingress after less than 5 min-
utes of exposure to water in WST specimens at peak load, 0.15 mm, 0.20 mm, and 0.40
mm CMOD. The figures show that as crack width (and length) increases, water pene-
trates more rapidly into the specimen. In the case of the 0.40 mm CMOD specimen, water
penetrated the entire depth of the measurement area within approximately 1 minute.
Using the 75% ABS ratio contour lines from the x-ray measurements taken 1 hour after
water exposure, the lateral ingress was determined at varying depths in the specimens
(Y-position) as shown in Figure 3.21. The ABS ratio contour lines in the previous figures
were exported to AutoCAD and the total lateral ingress was measured at various depths
(0.50 mm vertical steps used starting from 5 mm above notch). The lateral ingress was
averaged at each depth and the results are shown as ingress profiles in Figure 3.21. The
0.40 mm CMOD specimen was not included as rapid moisture ingress occurred in the
vertical direction beyond the measurement area. The average lateral ingress from 0 to +5
mm (highlighted region) indicates the ingress behavior from the sides of the notch.
The notch in the WST specimens may be considered a free surface for water ingress.
Similar average lateral ingress distances were observed in the cracked specimens above
and below the notch bottom to a given depth (Figure 3.21). This indicates a free surface
condition for moisture ingress may exist below the notch bottom in the cracked WST
specimens, possibly in the form of a coalesced crack. This is discussed further in Section
3.3.3.
As described in Chapter 2 (Figures 2.20-2.23), the crack path varies across the thickness
of the various cracked WST specimens due to the influence of aggregates. Variations in
the crack path likely impact the ingress of water as the water appeared to initially, rapidly
fill the cracks (based on Figures 3.12,3.15,3.17,3.19(a)) and lateral ingress proceeds from
the surfaces of the crack. In contrast, the path of the notch, which was cut into each
WST specimen, does not vary through the specimen thickness. The x-ray attenuation
measurements provide an averaged measure of moisture ingress through the 50 mm thick
WST specimens. As shown in the figures below, a similar lateral ingress is seen above and
below the notch. Therefore, the results indicate the 50 mm specimen thickness used seems
to adequately average any local variations in the lateral ingress caused by the fluctuating
crack path.
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(a)
(b)
(c)
Figure 3.10 ABS ratio for Mixture 1 unloaded WST after (a) 40 minutes, (b) 1 hour, and
(c) 2 hours 18 minutes.
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(a)
(b)
Figure 3.11 ABS ratio for Mixture 1 unloaded WST after (a) 3 hours and (b) 4 hours.
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(a)
(b)
(c)
Figure 3.12 ABS ratio for Mixture 1 WST at peak load after (a) approximately 3 minute,
(b) 1 hour, and (c) 2 hours.
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(a)
(b)
(c)
Figure 3.13 ABS ratio for Mixture 1 WST at peak load after (a) 3 hours, (b) 4 hours,
and (c) 6 hours.
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Figure 3.14 ABS ratio for Mixture 1 WST at 0.10 mm CMOD after 1 hour.
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(a)
(b)
(c)
Figure 3.15 ABS ratio for Mixture 1 WST at 0.15 mm CMOD after (a) approximately 3
minute, (b) 1 hour, and (c) 2 hours.
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(a)
(b)
Figure 3.16 ABS ratio for Mixture 1 WST at 0.15 mm CMOD after (a) 3 hours and (b)
4 hours and 50 minutes.
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(a)
(b)
(c)
Figure 3.17 ABS ratio for Mixture 1 WST at 0.20 mm CMOD after (a) approximately 3
minute, (b) 1 hour, and (c) 2 hours.
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(a)
(b)
Figure 3.18 ABS ratio for Mixture 1 WST at 0.20 mm CMOD after (a) 3 hours and (b)
4 hours 7 minutes.
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(a)
(b)
(c)
Figure 3.19 ABS ratio for Mixture 1 WST at 0.40 mm CMOD after (a) approximately 1
minute, (b) 1 hour, and (c) 2 hours.
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(a)
(b)
Figure 3.20 ABS ratio for Mixture 1 WST at 0.40 mm CMOD after (a) 4 hours and (b)
6 hours.
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Figure 3.21 75% ABS profiles for WST specimens after 1 hour of ponding under varying
crack conditions.
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3.3.3 Comparison of crack length & x-ray attenuation measurements
The maximum moisture ingress depth into the cracked WST specimens after 1 hour of
water exposure (from Figure 3.21) and the depth of the coalesced crack (from Table 2.7)
are plotted over the corresponding crack profile in Figure 3.22(a) as blue circles and green
squares, respectively. Figure 3.22(a) indicates that portions of the cracks are not coa-
lesced and the flow of epoxy and water are partly restricted. Figure 3.21 indicated that
although water traveled rapidly through cracks and free surface ingress behavior was ob-
served below the notch bottom in cracked specimens, only a portion of the total crack
length contributes as a free surface to water ingress while the remaining portion of the
crack length inhibits ingress. Figure 3.22(a) shows that after 1 hour of exposure water
has yet to reach the full extent of the estimated crack length.
(a) (b)
Figure 3.22 (a) Crack profiles from the CHM with green squares indicating the depth of
epoxy impregnation and blue circles indicating maximum ingress depth after
1 hour of ponding. (b) The difference in crack depth and maximum ingress
depths (of epoxy and water ingress after 1 hour) for specimens with varying
crack lengths.
Figure 3.22(b) shows the difference between the CHM crack length and the maximum
ingress depth for the specimens with varying crack lengths as well as the length of the
impregnated crack. For three of the cracked specimens tested (peak load, 0.15 mm CMOD,
and 0.20 mm CMOD) the difference between the maximum water ingress depth and the
CHM crack length had a consistent range of 8 mm to 10 mm. Assuming the maximum
ingress depth after 1 hour of exposure relates to the location of free surface behavior
through the controlling ingress mechanisms, Figure 3.22(b) may indicate that a consistent
length of the crack inhibits ingress. In other words, the results indicate the crack length
consists of two portions, an apparent crack and an inhibiting crack. The apparent crack
behaves approximately as a free surface in terms of ingress, while the inhibiting crack
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may have a consistent length and impedes moisture ingress. The results of the epoxy
impregnation also shows a consistent length of non-coalesced cracks between 16.5 and
18.5 mm, further indicating the inhibiting crack has a consist length.
3.3.4 Chloride ion ingress
Figure 3.23 shows typical result of silver nitrate spraying on the cut and ground surface
of the WST specimens. The whitish/purple precipitate on the surface of the concrete
indicates the presence of chloride ions. Using the image analysis procedure described
previously in Figure 2.14 (Section 2.2.4), the average lateral ingress of chloride ions were
measured. Figure 3.24(a) and 3.24(b) show the chloride ingress behavior for Mixture 1
specimens which were unloaded and cracked to a 0.20 mm CMOD, respectively. Figure
3.24(c) and 3.24(d) show results from Mixture 2, unloaded and at 0.20 mm CMOD,
respectively. Similarly to the moisture ingress behavior, the presence of the crack allowed
for an accelerated ingress behavior. Ingress increased both into the depth of the specimen
and laterally into the cracked WST specimens.
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(a) (b)
(c) (d)
Figure 3.23 AgNO3 spraying on the surface of WST specimens exposed to 10% chloride
solution for 1 hour for Mixture 1 (a) unloaded and (b) 0.20 mm CMOD
specimens, and Mixture 2 (c) unloaded and (d) 0.20 mm CMOD specimens.
(Author’s photos)
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(a) (b)
(c) (d)
Figure 3.24 Chloride ion ingress testing results at varying exposure times for Mixture 1
(a) unloaded and (b) at 0.20 mm CMOD and for Mixture 2 (c) unloaded and
(d) at 0.20 mm CMOD.
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3.3.5 Comparison of moisture and chloride ion ingress
Figure 3.25 compares moisture and chloride ion ingress measurements from Mixture 1
after 1 hour of exposure. The specimens used for comparison were unloaded and with a
CMOD of 0.20 mm; however, it should be noted that the two measurements were taken
from different specimens. The ingress of chloride ions was restricted compared to water
ingress, particularly for the 0.20 mm CMOD specimen. As described in Section 3.1.1,
chloride binding and the
√
γ/µ-absorption proportionality are know to restrict chloride
ion ingress.
Figure 3.25 Comparison of chloride ions (red symbols) and water (blue symbols) ingress
into Mixture 1 unloaded and 0.20 mm CMOD WST specimens after 1 hour
of exposure.
3.4 Summary and conclusions
This chapter provides an introduction to transport mechanisms in concrete and other
cementitious materials, a literature review on the effect cracking has on ingress behavior,
and descriptions of experimental works completed on cracked wedge splitting tensile spec-
imens. X-ray attenuation measurements were used to track moisture movements while
silver nitrate spraying was used to track chloride ion ingress in crack concrete specimens.
The following conclusions have been drawn from this portion of the work:
• X-ray attenuation measurements track moisture movements in concrete due to
changes in specimen density and the linear attenuation coefficient of the composite
material caused by the addition of water. The use of an x-ray camera provides
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higher spatial resolution imagery of moisture ingress in concrete specimens. Pre-
vious measurements taken with x-ray detectors required many more measurement
location to assess moisture profiles. Additionally, despite the inability of the camera
to measure x-ray energy levels, the moisture profile can be accurately monitored by
the transmitted intensity.
• Moisture ingress proceeded more rapidly with increased load level and crack mouth
opening displacement of the wedge splitting test specimens. As the crack mouth
opening displacement increased, moisture reached greater depths immediately after
exposure. Lateral ingress of moisture was similar to free surface (notch) ingress
through a portion of the depth of cracked wedge splitting test specimens. It was
hypothesized that a coalesced crack formed in the crack wedge splitting test speci-
mens. The coalesced cracks appeared to rapidly fill with water after exposure, and
the coalesced crack surface appeared to behave as a free surface for water ingress.
Non-coalesced cracks, which form ahead of the coalesced crack (see Chapter 2) de-
lay moisture ingress. The complex fracture and ingress behaviors are likely not
replicated by using inserts to cast in ‘cracks’ in fresh concrete.
• Ingress of chloride ions was delayed compared to the moisture ingress behavior.
This is likely caused by binding of chloride ions and the effect influence of NaCl on
surface tension and viscosity of the ponding solution.
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Impact of cracks on reinforcement
corrosion
4.1 Introduction
This chapter presents an investigation of reinforcement corrosion and includes the devel-
opment of a new instrumented rebar designed to provide location-dependent potential
measurements while still inducing realistic cracks and behaving mechanically similarly to
standard rebar. The chapter is comprised of four main sections. Section 4.1 provides a
focused review of the fundamentals of reinforcement corrosion, the impact cracks have on
corrosion, and an assessment of previously used techniques to assess the impact of cracks
on corrosion. In Section 4.2 details of the experimental investigation completed as part
of this project are presented. Results are presented and discussed in Section 4.3 while
conclusions are presented in Section 4.4.
4.1.1 Fundamentals of corrosion
Corrosion occurs as two half-cell reactions, an anodic (oxidation) and a cathodic (reduc-
tion) reaction. Both the anodic and cathodic reactions are necessary and ceasing one
leads to the termination of corrosion. A typical fundamental corrosion process is illus-
trated in Figure 4.1, where a divalent metal, M (such as iron in the Fe2+ state) is in
contact with an electrolytic solution. The anodic half-cell consists of the divalent metal
dissolving in the electrolytic solution to its ionic form, M2+. Electrons liberated by the
anodic half-cell are conducted through the metal and are consumed by a cathodic half-
cell. The reduction of oxygen has been shown in the illustration; however, reduction of
hydrogen (2H+ + 2e− → H2) or other oxidized species may also occur. In this example
metal hydroxides form in the electrolytic solution and deposit on the surface of the metal.
To fully assess corrosion reactions two distinct areas must be considered, namely ther-
modynamics and kinetics of corrosion. Thermodynamics controls which, and under what
conditions, corrosion reactions may take place. Kinetics describes the rate at which cor-
rosion progresses.
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Figure 4.1 Schematic example of a wet corrosion process involving a divalent metal in an
electrolytic solution containing oxygen, after [Bardal, 2004].
Thermodynamics of the corrosion process
Corrosion reactions are controlled by Equation 4.1, which relates the change in Gibbs free
energy, ∆G (J) caused by the reaction to the equilibrium potential, E0 (mV) [Bardal ,
2004]:
∆G = −zFE0 (4.1)
where z is the valence and F is Faraday’s constant (96,485 C/mol e−). A negative value of
Gibbs free energy indicates the reaction is thermodynamically feasible and would proceed
spontaneously and irreversibly. Positive values indicate that additional energy must be
supplied for the reaction to occur. A value of zero indicates equilibrium, meaning the
reaction is thermodynamically not favored to proceed in either direction.
Equilibrium potential, E0 from Equation 4.1 can be determined theoretically using Nernst’s
equation (Equation 4.2), in its general form [Bardal , 2004]:
E0 = E
0
0 −
RT
zF
ln
(
alLa
m
M . . .
abBa
c
C . . .
)
(4.2)
for the reaction
bB + cC + ...+ ze− → lL+mM + ... (4.3)
where E00 is the standard equilibrium potential (i.e., standard conditions), a
l
L is the ac-
tivity of substance L raised to the stoichiometric coefficient, l, etc.
As Pourbaix first discovered, by using the Nernst equation and considering selected theo-
retically feasible reactions (i.e., reactions with negative Gibbs free energy) an illustration
of potential corrosion reaction products can be determined over a range of pH values
[Pourbaix , 1974]. A Pourbaix diagram, as shown in Figure 4.2, is a graphical representa-
tion of Nernst’s equation and a useful tool for assessing possible corrosion issues of metals
exposed to solutions.
Figure 4.2, from [Ku¨ter , 2009], shows the Pourbaix diagrams for iron, Fe (which is com-
monly used to describe the corrosion behavior of carbon steel) exposed to water. Three
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Figure 4.2 Pourbaix diagram for Fe-H2O system at 25
◦C and an Fe ion activity of 10−6
mol/L from [Ku¨ter, 2009] indicating regions of immunity, passivity and active
corrosion. Lines [A] and [B] indicate boundaries of the Pourbaix diagram
calculated in the text.
distinct and important thermodynamic corrosion states are highlighted in the Pourbaix
diagram including the immune state as well as the passive and active corrosion states. In
the immune state Fe is thermodynamically stable and corrosion cannot take place. The
boundary line [A] of the immunity region corresponds to the computation for E0 for the
reaction:
Fe2+ + 2e− → Fe (4.4)
The corresponding Nernst’s equation states:
E0 = −0.44 + 0.0295 · log(aFe2+) (4.5)
Using the standard activity for Fe2+ (aFe2+ = 10
−6mol/L) the equilibrium potential at
25◦C is found to be -0.617 V.
The passivity region indicates that oxidation of Fe2+ ions and the formation of a solid
passivating film of Fe2O3 or Fe3O4 over the Fe substrate is thermodynamically favored.
Passivating films, which are electrochemically stable compounds with low porosity, ionic
conductivity, and adhere well to the substrate, greatly reduce ion transport and therefore
the corrosion rate. Boundary line [B] between the Fe3O4 passive corrosion region and the
immune state region corresponds to E0 for the reaction:
Fe3O4 + 8H
+ + 8e− → 3Fe+ 4H20 (4.6)
As pH reflects hydrogen ion activity (i.e., pH = −log(aH+)), this electrode reaction bears
a pH dependency. Nernst’s equation for the anodic reaction is expressed as:
E0 = 0.085− 0.059 · pH (4.7)
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assuming aFe ≈ aFe3O4 ≈ aH2O = 1 and T = 25◦C.
Regions of active corrosion correspond to areas where the thermodynamically possible
corrosion products are soluble ions (Fe2+ or Fe3+) or compounds (e.g., HFeO−2 , FeCl
+),
which do not provide a barrier against continued corrosion.
Open circuit corrosion potential (OCP, or half-cell potential) is a measure of the thermo-
dynamic state of a metallic surface. OCP is measured as a potential difference (voltage)
between the surface of a metal and a reference electrode. Reference electrodes commonly
used in practice for RC are shown in Table 4.1. Using a Pourbaix diagram as shown in
Figure 4.2, the thermodynamic state (i.e., immune, passive corrosion, or active corrosion),
and possible corrosion product can be assessed from OCP measurements. For example,
based on Figure 4.2 an OCP of 0 mVSHE in concrete (i.e., pH ∼ 11-14) the formation of
a passive corrosion product, Fe203 is thermodynamically favored; while with an OCP of -
750 mVSHE an active corrosion product, HFeO
−
2 is thermodynamically favored. Reference
electrodes may be embedded in the concrete, placed temporarily on the concrete surface,
or placed into an electrolytic ponding solution (more common for laboratory assessments).
Table 4.1 Potential versus standard hydrogen electrode (SHE) at 25◦ C and temperature
dependency for selected reference electrodes commonly used in practice [Myrdal,
2007].
Reference electrode
Potential Temperature dependency
[mV versus SHE] [mV/◦ C]
Copper/copper sulfate sat. (CSE) +318 +0.90
Standard calomel electrode (SCE) +240-245 +0.22
Silver/silver chloride sat. (SSCE) +199 +0.09
While OCP measurements, Nernst’s equation, and the Pourbaix diagram describe the
thermodynamic state of a metal, to provide a complete description of corrosion the reac-
tion kinetics (i.e., rate) must also be considered. In some cases, the reaction rate may be
insignificant compared to the service life of a RC structure.
Kinetics of corrosion process
Kinetics (rate) of electrochemical reactions (corrosion), defined as the amount of metal
ions removed from a metal per unit area and unit time, can be expressed as an electric
current density. The corrosion current density, icorr (A/cm
2) is related to a cross-sectional
(thickness) reduction per unit time, ds
dt
(cm/s) using Faraday’s equation (Equation 4.8)
[Bardal , 2004]:
ds
dt
=
icorrM
zFρ
(4.8)
where M is the molecular weight (55.845 g/mol for Fe), and ρFe is the material density
(7.87 g/cm3), z is the valence (2 for Fe → Fe2+).
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As discussed below the corrosion current, Icorr (A) is measured by electrochemical tech-
niques and the corrosion current density, icorr (A/cm
2) is calculated as shown in Equation
4.9
icorr =
Icorr
Aa
(4.9)
where, Aa (cm
2) is the anodic area. While this is an exceedingly simple concept, measure-
ment of the anodic area is complicated, particularly in RC where the anode is not visible.
The cathode used for measurement of Icorr is typically a more noble metal, such as stain-
less steel [Gautefall and Vennesland , 1983], copper [Wang et al., 2000; Yoon et al., 2000b],
or ruthenium-iridium mixed metal oxide activated titanium [Ku¨ter , 2009; Nygaard , 2008],
etc. Corrosion current has also been measured between different layers of reinforcing steel
[ASTM G 102 , 1999; Berke et al., 1993; Lorentz and French, 1995], where the steel cast
deeper in the specimen is assumed to be more noble. Problems with this may exist if
corrosion of the deeper reinforcement occurs [Berke et al., 1993].
Corrosion current, Icorr may be measured using a zero-resistance (or zero-impedance)
ammeter. The corrosion current density, icorr is related to the inflow and outflow currents,
Io and Ii respectively, as shown in Equation 4.10 [Nagataki et al., 1996].
icorr =
Io − Ii
Aa
(4.10)
Here, if the value of icorr is positive, the corrosion current is anodic while negative values
indicate the corrosion current is cathodic [Nagataki et al., 1996; Mohammed et al., 2001].
Corrosion current density, icorr can also be measured using linear polarization resistance
(LPR) measurements which use a three electrode arrangement including the embedded
steel (working electrode), a reference electrode, and a counter electrode. icorr is deter-
mined using the Stern-Geary equation (Equation 4.11). A potential (voltage), ∆Ep (mV)
is applied to the embedded steel and the resulting current density change, ∆ip (A) is mea-
sured. The polarization resistance of the corroding electrode, Rp (Ω) is then calculated
as:
Rp =
∆Ep
∆ip
(4.11)
Corrosion current density, icorr is calculated from the polarization resistance, Rp as shown
in Equation 4.12
icorr =
B
Rp × Ap (4.12)
where B is a proportionality factor related to the anodic and cathodic Tafel constants, ba
and bc (mV/A) as shown in Equation 4.13, and Ap (cm
2) is the polarized surface area of
the reinforcement. Controlling and knowing the polarized surface area, Ap is vital to the
LPR measurement process [Nygaard , 2008].
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B =
ba · bc
2.303 · (ba + bc) (4.13)
Standard methods for estimating Tafel slopes and performing LPR can be determined
through standardized methods [ASTM G 102 , 1999] and [ASTM G 59 , 2009], respec-
tively.
Corrosion rate is largely influenced by the electrode and electrolyte materials, and to a
lesser degree by temperature, pressure and solution concentrations [Bardal , 2004]. Addi-
tionally, the rate of electrochemical reaction is limited by three polarization factors, which
may act individually or in combination. Activation polarization is the resistance to elec-
trochemical reaction at the metal-electrolyte interface caused by an energy barrier, which
must be overcome to convert species involved in the corrosion reaction. Concentration
polarization occurs as a results of a deficiency of necessary reactant (e.g., oxygen) at the
metal surface. Resistance or Ohmic polarization results from electrolytic solutions, pas-
sive layers, or other covering materials (dry concrete, paint, etc.) providing a significant
ohmic resistance.
As shown in Figure 4.3 from Bardal [2004], the ratio of cathode-to-anode size may have
major implications on corrosion kinetics. The figure illustrates the effect of varying
cathode-to-anode ratio on galvanic corrosion between stainless and carbon steel in aerated
water with a pH of 6.0. The anode (carbon steel) size is constant at 1 cm2, while the
cathode (stainless steel) size is varied from 1, 10, and 100 cm2. The corrosion current
density (intersection point between cathodic and anodic curves) increases from approxi-
mately 30 µA/cm2 to 3000 µA/cm2 with increasing cathode-to-anode ratio. While this
example describes two dissimilar metals, similar effects are seen if one metal is exposed
to varying environments. For instance, steel coatings (e.g., paint or concrete) with small
defects can create a vary large cathode-to-anode ratio and rapid corrosion of the steel at
the location of the defect.
Further details on influencing factors of reaction kinetics can be found in the literature,
see e.g., [Ahmad , 2003; Bardal , 2004; Perez , 2004; Ku¨ter , 2009].
Both the presented electrochemical measurements, LPR and zero-resistance ammeters,
can be used to determine the time of corrosion initiation. However, to accurately assess
corrosion rate, the size of the corroding area must be measured through inspections. As
discussed further in Section 4.1.5 the application of electrochemical measurement tech-
niques to steel reinforcement embedded in concrete can be difficult due to the need for
inspection of the reinforcement. To avoid the necessary inspection and to allow for loca-
tion dependent measurements several specialized rebar configurations were developed as
discussed in Section 4.1.5.
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Figure 4.3 Effect of cathode-to-anode ratio on corrosion rate, where the cathode material
was stainless steel and the anode material is carbon steel, from [Bardal, 2004].
4.1.2 Corrosion processes in reinforced concrete
An overview of the electrochemical and physical processes taking place during corrosion
of steel reinforcement is shown in Figure 4.4, as proposed in [Ku¨ter , 2009]. The covering
concrete containing an alkaline pore solution (pH ≈ 11-14), analogous to the electrolytic
solution in the wet corrosion process (Figure 4.1), allows for ionic current exchange. Re-
sistance to ionic current exchange (resistance polarization) increases with a decreasing
concrete moisture content, caused by hydration and/or drying. The figure illustrates that
concrete provides a diffusion barrier to oxygen, chloride ions, and carbon dioxide. Re-
striction of oxygen - oxygen which is required in the cathodic processes described in the
figure - may lead to a concentration polarization. Chloride ions and/or carbon dioxide in
concrete leads to the eventual breakdown of the passive layer, in addition to affecting the
feasible anodic reaction products. Based upon Figure 4.4 and a multitude of experimen-
tal results (see e.g., [Tremper , 1947; Rehm and Moll , 1964; Kamiyama, 1972; Schiessl ,
1976; Makita et al., 1980; O’Neil , 1980; Francois and Arliguie, 1998; Francois et al., 2006;
Gautefall and Vennesland , 1983; Schiessl and Raupach, 1997; Ahmad , 2003]), it has been
concluded that concrete cover thickness and quality (i.e., water-to-cement ratio) are the
most significant factors influencing the initiation and propagation of reinforcement cor-
rosion in an aggressive environment. As discussed further in Section 4.1.3 cracking and
other defects also have a major influence, particularly regarding corrosion initiation.
Reinforcement corrosion can be described using a two phased time-related deterioration
model including initiation and propagation phases as illustrated by the model shown in
Figure 1.3. The figure illustrates the service life of a concrete structure as an increased
deterioration with time. Deterioration is measured from a chosen durability criteria such
as cross-section reduction of reinforcement, degradation of cover concrete, etc. During the
initiation phase of the model substances such as carbon dioxide and chloride ions pene-
trate the concrete cover, eventually leading to a situation wherein corrosion initiation is
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Figure 4.4 Comprehensive schematic of passive and active reinforcement corrosion, devel-
oped in [Ku¨ter, 2009].
thermodynamically favored.
Once corrosion initiates the propagation phase begins, marked by an acceleration in de-
terioration. The propagation phase is controlled by kinetics as the corrosion rate effects
the rate of deterioration. The temperature and access to moisture and oxygen partially
control the propagation rate. Once the acceptance criteria is reached, remediation efforts
are required.
Carbonation-induced corrosion
The Pourbaix diagram in Figure 4.2 shows Fe exposed to concrete pore solution is likely
in a passive corrosion region due to the high pH (≥ 11). As shown in Figure 4.2 reducing
pH leads to the theoretical feasibility of corrosion initiation.
Carbonation of pore solution results in potentially detrimental pH reductions approaching
neutrality [Tuutti , 1982a]. Leaching, which occurs due to repetitive exposure to external
water sources, also results in a pH reduction [Hasegawa et al., 2006]. Experimental ob-
servations in a synthetic pore solution indicate instability of the passive layer may begin
to occure at pH values between 11.3-11.5 [Xu et al., 2009]. Corrosion in concrete with
low pH is typically a more general corrosion, as shown in Figure 4.5. The image shows
corrosion attack covering the entire steel surface after anodic polarization in a synthetic,
carbonated pore solution with pH 9.0.
Carbonation decreases chloride ion binding capacity, potentially freeing bound chloride
ions to interact with reinforcing steel [Tuutti , 1982a; Kayyali and Haque, 1988; Glass et al.,
2000; Glass and Buenfeld , 2000; Reddy et al., 2002; Meijers et al., 2005]. Experimental
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Figure 4.5 General corrosion attack observed on steel surface after anodic polarization in
0.015 M NaHCO3 + 0.005 M Na2CO3 + 0.01% chloride ion solution with pH
= 9.0 [Moreno et al., 2004].
results indicate the occurrence of corrosion increases when RC is both carbonated and
exposed to chloride ions compared to RC which is simply carbonated [Rehm and Moll ,
1964; Schiessl , 1976].
Chloride-induced corrosion
The Pourbaix diagram in Figure 4.2 shows Fe exposed to an alkaline pore solution (pH
≈ 11-14) is inherently in a thermodynamically passivity region. However, the presence
of chloride ions can breakdown steel passivity. Concrete provides protection against steel
reinforcement corrosion by providing a diffusive barrier for aggressive substances and by
binding chlorides (Section 3.1.1). However, in time a critical amount of chloride ions may
reach the level of the reinforcement, initiating corrosion. Experimental [Tuutti , 1977;
Moreno et al., 2004; Vidal et al., 2007] and in-situ [Schiessl , 1976; Mangat and Molloy ,
1992; Mouri and Miyazato, 2005] observations have verified the breakdown of passivity of
reinforcement steel occurs in uncracked concrete exposed to chloride ions.
Figure 4.6(a) from Moreno et al. [2004] shows an SEM image of the corrosion attack on
steel exposed to chloride contaminated solutions after anodic polarization. The steel was
submerged in solution with a pH of 13.9 and 3% chloride. The image indicates chloride
ions may induce reinforcement corrosion in the form of pitting.
Figure 4.6(b) shows a deep corrosion pit in a steel bar embedded in concrete exposed
to a marine environment for 15 years [Mohammed et al., 2002]. The deep corrosion pit
was found to be located at a defect (air void) in the steel-concrete interface. Other in-
vestigations have also reported reinforcement corrosion tends to initiate at defects in the
interface, such as cold joints [Yano et al., 2002], air voids [Mohammed et al., 2002], bleed
channels [Castel et al., 2003; Vidal et al., 2007], and cracks (see Table 4.4 for references).
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(a) (b)
Figure 4.6 Pitting corrosion attack observed on steel surface after (a) anodic polariza-
tion in 0.90 M NaOH + 3% chloride solution with pH = 13.9 [Moreno et al.,
2004], and (b) 15 years embedded in concrete exposed to marine environment
(corrosion pit was located adjacent to a defect in the steel-concrete interface)
[Mohammed et al., 2002].
Analysis of thermodynamically possible corrosion products indicate this rapid reduction
may be caused by formation of soluble Fe-Cl complexes (FeCl+2 and FeCl
+ at higher
chloride concentrations) [Ku¨ter , 2009]. In an anaerobic chloride-containing environment,
an additional possible hazard is the formation of so-called green rust; named after its
green-colored aqueous corrosion product [Sagoe-Crentsil and Glasser , 1993].
4.1.3 Theoretical implications of concrete cover cracking on reinforcement
corrosion
As discussed in Chapter 3, cracking of concrete allows for a more rapid ingress of chloride
ions and other aggressive substances which may lead to reinforcement corrosion. Localized
corrosion may initiate in one of two possible processes when a crack intersects reinforcing
steel. Figure 4.7 from [Schiessl and Raupach, 1997] illustrates possible corrosion processes
in the cracked area. In Figure 4.7(a) a corrosion microcell forms in which anodic and ca-
thodic reactions both take place within the crack and carbonated concrete. This type of
corrosion consists of small, neighboring cathodic and anodic areas and O2 required for
the cathodic reaction is provided readily through the crack. In Figure 4.7(b) a corrosion
macrocell forms in which the anodic processes take place at the steel intersecting the
crack zone and carbonated concrete, while the steel contained in the undamaged concrete
is cathodic. In this case, the cathode may be much larger than the anode, yielding a
rapid local corrosion rate at the crack. This theoretical condition, with an anodic cracked
region and cathodic region in the uncracked concrete, has been experimentally verified in
[Schiessl and Raupach, 1997; Mohammed et al., 2001; Miyazato et al., 2001], as discussed
further below.
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(a) (b)
Figure 4.7 Illustration of (a) microcell and (b) macrocell corrosion processes in cracked
RC, from [Schiessl and Raupach, 1997].
As discussed further in Section 4.1.6 experimental results have indicated corrosion propa-
gation is not related to the width of intersecting cracks (see e.g., [Schiessl , 1976; Yachida,
1987; Schiessl and Raupach, 1997; Tottori et al., 1999; Mohammed et al., 2001]).
The cracks in Figure 4.7 likely illustrate plastic shrinkage cracks, as damage along the
concrete-steel interface is not included. Mechanical load-induced cracks create damage,
including slip and separation, between the concrete and the steel (See Paper II). The
impact of this damage is a central focus of the experimental results described later in this
chapter.
Influence of crack spacing
Macrocell reinforcement corrosion in cracked concrete (Figure 4.7(b)) may also be influ-
enced by crack spacing, or frequency. As shown in Figure 4.3 an increase in cathode-
to-anode ratio results in increased corrosion rate. Multiple cracks located within a close
proximity may alter the size of the cathodic region in the undamaged concrete, changing
the corrosion rate of the macrocell. Model and experimental results are presented on the
influence of crack spacing in Section 4.1.6 below.
Influence of crack orientation
Typically cracks are classified with respect to the main reinforcement into one of two
categories - transverse or longitudinal. While the scope of this project only includes
transverse cracking, previous result indicated crack orientation is another important pa-
rameter. Longitudinal cracking can result in two situations, shown in Figure 4.8(a) and
(b). Longitudinal crack are typically induced by plastic shrinkage/settlement; therefore,
plastic cracks (i.e., no damage of concrete along interface of transverse rebar) are indi-
cated in the figures. In Figure 4.8(a) the longitudinal crack leads to the formation of
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(a) (b)
Figure 4.8 The effect of longitudinal (plastic) cracking on the corrosion process, from
[Schiessl, 1986]. In (a) a corrosion microcell process takes place in the cracked
region and carbonated concrete and in (b) a corrosion macrocell process takes
place with the anodic regions in the cracked and carbonated concrete and
cathodic regions in the undamaged concrete.
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a corrosion microcell, where the anodic and cathodic reactions take place in close prox-
imity on the steel surface within the cracked area and carbonated concrete. In Figure
4.8(b) the crack has a longitudinal orientation to one reinforcing bar and a transverse
orientation to another, and the two reinforcing bars are electronically connected. Here,
a corrosion macrocell forms in which the anodic processes take place at the steel in the
cracked area and carbonated concrete, while the steel contained in the undamaged con-
crete is cathodic. Longitudinal cracks do not confine sites of possible corrosion initiation
as intersecting cracks do and therefore may result in the loss of passivity in multiple
locations along the reinforcement.
4.1.4 Cracking in reinforced concrete
Tensile load applied to reinforcing steel (either through direct tensile or flexural loading)
causes complex cracking and deformation behaviors as idealistically illustrated in Fig-
ure 4.9. The tensile load creates a primary crack in the concrete, which is wider at the
concrete surface than at the rebar, followed by secondary crack upon additional load-
ing [Goto, 1971; ACI Committee 224 , 1992]. Secondary cracks (labeled internal crack in
Figure 4.9), which form due to the transfer of tensile load through the rebar ribs into
the concrete, cause additional damage at the concrete/reinforcement interface, but do
not reach the outer surface of the concrete. Multiple primary cracks may occur, depend-
ing on the load level, cover thickness, and material properties [ACI Committee 224 , 1992].
Figure 4.10 shows results from Paper II on cracking of reinforced concrete, under flexural
loading, as measured by photogrammetry. In Paper II the covering concrete was removed
from one side of the beam specimens, exposing the concrete-reinforcement interface as
pointed out in the figure. In Figure 4.10(a) the beam was loaded to the estimated crack-
ing load, inducing a V-shaped crack. The crack width near the tensile surface was 0.033
mm, while only a minute crack width was visible near the level of the reinforcement.
Secondary cracking is not seen under the low load level. However, as shown in Figure
4.10(b), with additional loading (35.0 kN) extensive secondary cracking is seen within
the concrete. Furthermore, gaps (i.e., separation) and translation (i.e., slip) between the
reinforcement and concrete occur. As discussed further in Paper II, cyclic loading appears
to reduce crack tortuosity and increase connectivity of cracks, which would likely allow
more rapid ingress of various aggressive substances based on results presented in Chapter
3. Existence and extent of secondary cracking (including slip and separation), as shown
in Figures 4.9 and 4.10, is therefore dependent on load level. Previous work has also
indicated concrete properties influence secondary cracking [Win et al., 2004].
In order to induce secondary cracks (i.e., realistic cracking) in reinforced concrete under
either tensile of flexural loading, the reinforcement must have an adequate length to de-
velop and transfer tensile stresses into the concrete. As discussed in the following section,
several studies utilized arrangements of short reinforcement segments to investigate the
influence cracking has on reinforcement corrosion. Figures 4.9 and 4.10 indicate such
arrangements may not induce realistic cracking of the concrete.
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Figure 4.9 Idealized schematics of concrete deformation around reinforcement under ten-
sile loading from [Goto, 1971].
(a) (b)
Figure 4.10 Photogrammetric assessment of cracking in reinforced concrete beams with
covering concrete removed to expose concrete-reinforcement interface. Beam
loaded to (a) the estimated cracking load (13.0 kN) and (b) 35.0 kN.
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4.1.5 Review of experimental methods for corrosion in cracked concrete
Tables 4.2 and 4.3 provide overviews of experimental techniques presented in the literature
to assess the effect of cracking on initiation and propagation reinforcement corrosion,
respectively. Attributes of each experimental technique are included in the tables. The
basic electrochemical experimental techniques discussed below can be applied to various
special rebar configurations described in Section 4.1.5 as well as standard rebar. Further
details on the experimental techniques are presented in the following sections. in Tables
4.2 and 4.3. Details on the rebar configurations are provided in Section 4.1.5.
Table 4.2 Attributes of various methods to assess corrosion initiation in cracked concrete.
Experimental technique N
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Standard rebar •† • •
Electrochemical techniques Standard rebar, partially coated •† • •
applied through: Segmented rebar •† • •
Rebar segments •† • •
Acoustic measurements∗ • • • •
∗ Limited background for interpretation
† Technique is an NDT, however destructive testing often used for verification
Table 4.3 Attributes of various methods to assess corrosion propagation in cracked con-
crete.
Experimental technique N
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Standard rebar •† • •
Electrochemical techniques Standard rebar, partially coated •† • •
applied through: Segmented rebar •† • •
Rebar segments •† • •
Measurement on Gravimetric (weight loss) • •
rebar: Corroded area including microscopy • •
Acoustic measurements∗ • • • •
Ground penetrating radar • • •
γ-ray imaging • • •
Ultrasonic pulse analysis • • •
∗ Limited background for interpretation
† Technique is an NDT, however destructive testing often used for verification
The presence of cracks has been shown to have less of an impact on corrosion propagation,
as discussed further in Section 4.1.6. Several theoretical explanations for this have been
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discussed in the literature. In [Tuutti , 1978] a situation is described where reinforcement
corrosion initiated by carbonation of concrete nearby a crack produced a fine-pore cor-
rosion product which helps to seal the crack. Alkaline pore solution may then diffuse
through the corrosion products and, as previously shown in Figure 4.2, create a situation
wherein the steel is thermodynamically passive. Longitudinal cracks are less likely to seal
as the corrosion products are less confined, possibly allowing corrosion to continue un-
abated or to accelerate [Arya and Wood , 1995]. Concrete may also self-heal (autogenously
heal) when exposed to water and either static or dynamic mechanical loads, leading to
reduced flow rates of liquids [Clear , 1985; Jacobsen et al., 1996; Ramm and Biscoping ,
1998; Edvardsen, 1999] and corrosion rates [Ramm and Biscoping , 1998] over time.
Specialized rebar configurations for corrosion measurements
Electrochemical measurement techniques can be applied to standard rebar; however,
location-dependent information on the corrosion behavior is not provided without de-
structive removal and inspection of the reinforcement. Therefore, various specialized
rebar configurations were developed to assess the location dependencies of reinforcement
corrosion in cracked concrete. Configurations include partially epoxy coated standard re-
bars [Schiessl and Raupach, 1994, 1997; Ramm and Biscoping , 1998] (Figure 4.11), ‘rebar
segments’ consisting of mechanically and electrically discontinuous reinforcement sections
attached to a black steel backbone [Marcotte and Hansson, 2003; Poursaee and Hansson,
2008] (Figure 4.12), and ‘segmented rebar’ consisting of reinforcement sections connected
mechanically with epoxy [Mohammed et al., 2001; Miyazato et al., 2001] (Figure 4.13).
The ‘Specialized rebar configurations’ columns in Table 4.4 provides an overview of pre-
vious studies investigating corrosion in cracked concrete using such arrangements. The
author is unaware of a comparison between the cracking behavior of concrete surround-
ing these specialized rebar configurations and standard rebar. The following paragraph
provides additional details and potential issues of these specialized rebar systems.
Figure 4.11 shows an arrangement where a standard rebar was partially coated in epoxy
creating a 20 mm segment of uncoated steel at the location of a bending crack (anode
segment). The six rebar sections in the uncracked portion of the concrete are anticipated
to behave as cathodes in a corrosion macrocell. All the segments were connected through
zero-resistance ammeters to assess the effect bending cracking had on corrosion initiation
and propagation.
In the configuration in Figure 4.12 segments of steel are mounted, electronically isolated,
to a standard black steel rebar which acts as a ‘backbone’ to carry load and induce crack-
ing. A single stainless steel segment is used as a counter electrode for LPR measurements.
Additionally, OCP measurements may be taken using a standard reference electrode.
In another commonly used arrangement in Figure 4.13 individual steel segments are joined
with epoxy creating a ‘segmented rebar’. As shown, epoxy establishes mechanical bond,
while maintaining electrical isolation, between individual steel segments. The lead wires
extending from each steel segment are connected using zero-resistance ammeters. Typi-
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Figure 4.11 Special rebar configuration consisting of a partially epoxy-coated standard re-
bar anode and disconnected steel segments acting as cathodes (after [Schiessl
and Raupach, 1994, 1997; Ramm and Biscoping, 1998])
Figure 4.12 Special rebar configuration consisting of steel segments fixed, isolated, on a
black steel rebar (after [Marcotte and Hansson, 2003; Poursaee and Hansson,
2008]). In [Poursaee and Hansson, 2008] a single stainless steel segment was
also fixed, isolated, on the black steel rebar as a counter electrode in LPR
measurements.
cally an epoxy coated dummy rebar is placed in close proximity to the ‘segmented rebar’
to avoid failure of the beam during cracking [Mohammed et al., 2001; Miyazato et al.,
2001].
While each of these specialized rebar configurations provide location dependent infor-
mation of reinforcement corrosion, several possible issues should be considered including
consolidation of the fresh concrete, excessive voids at the concrete-reinforcement interface,
and realistic cracking of the concrete.
In Figure 4.11 the maximum anode size is limited to 20 mm by partially coating the rebar
with epoxy. Therefore, anodic reactions cannot occur beyond the preset 20 mm region
even if a critical chloride content is reached at the concrete-steel interface. This limitation
may lead to the possible underestimation of the effect the crack has on the anodic area.
Crevice corrosion can also potentially occur at the ends of the epoxy coated region when
using this arrangement, leading to an overestimation of the effect of the crack. In addition,
observations indicate that even lengths of steel less than the 20 mm preset ‘anode’ size
may not necessarily behave as a pure anode as corrosion microcells may form [Nygaard ,
2003].
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Figure 4.13 Special rebar configuration consisting of steel segments connected (but elec-
tronically isolated) using epoxy and an epoxy-coated dummy bar (after [Mo-
hammed et al., 2001; Miyazato et al., 2001]).
Care should be taken to avoid entrapping air or casting in other defects in these special-
ized rebar configurations. Particularly in Figure 4.12, the interface of the steel ‘backbone’
and the isolated segments may be difficult to cast free of defects. Such defects have been
shown to provide an ideal location for corrosion initiation [Mohammed et al., 2002; Yano
et al., 2002; Castel et al., 2003; Vidal et al., 2007] due to the reduced chloride threshold
required to induce corrosion [Nygaard , 2003].
Finally, as these special configurations are meant to determine the effect cracking has on
reinforcement corrosion, it is vitally important that realistic cracks are induced. However,
results of the cracking behavior of the concrete surrounding these specialized rebar con-
figurations have not been reported in the literature. Variations in the cracking behavior
are likely due to interfacial bond of epoxy coated rebar (Figure 4.11), the influence of the
fixed ‘rebar segments’ (Figure 4.12), variations in stiffness of the steel and epoxy (Figure
4.13), and the close proximity of the ‘dummy’ rebar (Figure 4.13).
Destructive techniques
Common destructive methods used to assess the effect of concrete cover cracking on rein-
forcement corrosion include gravimetric and visual (including microscopy) analysis. For
these methods, the reinforcement is excavated from the covering concrete for visual in-
spection and measurement of cross-section or weight reduction. Through microscopy of
extracted steel samples information on the corrosion attack type can be assessed. Ad-
ditionally, the corrosion products can be detected using SEM/EDS (e.g., [Jaffer and
Hansson, 2009]); however, the possible oxidation of corrosion products during sample
preparation and analysis should be considered.
Non-destructive techniques
Several non-destructive tests (NDT’s) have also been used for inspection of concrete and
reinforcement corrosion including ground penetrating radar (GPR) [Hubbard et al., 2003],
γ-ray imaging [Mariscotti et al., 2009], acoustic emission [Yoon et al., 2000a; Ohtsu and
Tomoda, 2008] and ultrasonic pulse analysis [Miller et al., 2009].
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GPR measurements, which uses radar waves to provide profiles of RC, are affected by
reinforcement when repeating measurements over time [Hubbard et al., 2003]. While this
NDT naturally provides location-dependant information, the method is currently unable
to quantify the extent of corrosion and “further study is necessary to quantify how other
parameters (such as concrete wetness, chlorides, and cracks) influence the geophysical
signatures” [Hubbard et al., 2003].
Figure 4.14 shows a γ-ray image taken from an in-situ RC column. The image shows areas
of very severe corrosion. A technique is presented in [Mariscotti et al., 2009] to estimate
the diameter of the corroded bars. However, resolution of γ-ray images is limited, com-
plicating accurate estimations and likely limiting the technique to only identifying areas
of severe corrosion-induced cross-sectional reduction. Comparison of estimated diameter
from γ-ray images and actual diameters were not presented in [Mariscotti et al., 2009].
Active and passive acoustic measurement techniques have been utilized in corrosion inves-
tigations as presented in [Miller et al., 2009] and [Yoon et al., 2000a; Ohtsu and Tomoda,
2008], respectively. Results of active acoustic measurements indicated an increase in
degree of corrosion reduced the amplitude of ultrasonic waves transmitted through the
reinforcement, which may be possible to see through continued monitoring. The reduced
amplitude was thought to be caused by scatter of the wave by the roughened, corroded
reinforcement surface. However, as presented in [Miller et al., 2009] other factors such as
changing loading also effect the transmission of ultrasonic waves through reinforcement.
Passive acoustic measurements detect tensile micro- and macro-cracking of the concrete
induced by, among other factors, reinforcement corrosion. The location of damage can be
Figure 4.14 γ-ray image with areas of severe corrosion indicated in red [Mariscotti et al.,
2009].
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detected by using multiple passive sensors.
Tests for characterization of impact of corrosion
Crack mapping, completed at varying times after exposure to a corrosive environment,
provides insight on the evolution of concrete damage due to corrosion. Additionally, in
[Wang et al., 2000; Yoon et al., 2000b] mechanical testing was completed subsequent
to an investigation of reinforcement corrosion in cracked concrete. Results indicated
reinforcement corrosion caused a shift in the failure mode as well as a reduction in the
overall load capacity.
4.1.6 Review of literature on corrosion in cracked concrete
The following sections provide an overview of previous research findings concerning the
effect cracking has on reinforcement corrosion including the influence of crack width and
spacing. Table 4.4 provides an overview of the literature on the effect of transverse cracks
on reinforcement corrosion. The following information is included in the table for each
reference, where available:
• Material used, including:
◦ Water-to-cement ratio,
◦ Type of material (i.e. mortar, concrete, etc.).
• Specimen details, including:
◦ Clear cover depth,
◦ Dimensions,
◦ Details of reinforcement.
• Mechanical exposure, including:
◦ Loading details (i.e. TPBT or four point bending),
◦ State of crack (held open or closed) during environmental exposure,
◦ Range of crack widths investigated,
◦ Crack spacing.
• Environmental exposure, including:
◦ Type of environment,
◦ Duration.
• Test methods
• Main observations
It should be noted that in some cases [Arya and Ofori-Darko, 1996; Ramm and Biscop-
ing , 1998] ‘cracks’ are introduced by placing plastic or metal inserts into the fresh cast
concrete. As previously discussed (Chapter 3), this influences the ingress behavior and
likely also influences the results of corrosion investigations. Results from these papers are
included in the table for completeness, however results are likely effected by the method
of crack introduction. Finally, the author’s comments are provided for several references.
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The overview of previous research in Table 4.4 is subdivided in this section to discuss
results from concrete reinforced by standard rebars and the various specialized rebar
configurations described in Section 4.1.5.
Crack width
Results from standard rebar References using standard rebars to assess the influence
of crack width on corrosion included [Tremper , 1947; Voelmy and Bernardi , 1957; Shalon
and Raphael , 1964; Rehm and Moll , 1964; Schiessl , 1976; Halvorsen, 1966; Houston et al.,
1972; Makita et al., 1980; O’Neil , 1980; Yachida, 1987; Berke et al., 1993; Gautefall and
Vennesland , 1983; Lorentz and French, 1995; Arya and Ofori-Darko, 1996; Francois and
Arliguie, 1998, 1999; Vidal et al., 2007; Tottori et al., 1999; Wang et al., 2000; Yoon et al.,
2000b; Hartl ; Kashino, 1984; Fidjestol and Nilson, 1980] and while details were not able
to be found, it is likely that standard rebar was also used for [Kamiyama, 1972; Seki ,
1973; Nishiyama, 1975; Katawaki , 1977; Suzuki et al., 1989; You and Ohno, 2002].
The extent of reinforcement corrosion in cracked concrete is commonly compared to the
crack width. For standard rebar, good correlations were reported for this relationship for
single experimental results after relatively short (≤∼3 year) exposure to natural conditions
[Katawaki , 1977; Rehm and Moll , 1964; Makita et al., 1980]. However, with additional
time the influence of concrete crack width diminishes and factors including concrete qual-
ity and cover thickness seem to dominate the extent of reinforcement corrosion in RC
exposed to natural conditions [Schiessl , 1976; Tottori et al., 1999]. Laboratory studies
using standard rebar also indicate crack width and reinforcement corrosion are related
[Berke et al., 1993; Francois and Arliguie, 1999; Gautefall and Vennesland , 1983; Hous-
ton et al., 1972; Lorentz and French, 1995; Wang et al., 2000; Yoon et al., 2000b], and
that other factors seem to dominate corrosion propagation [Schiessl and Raupach, 1997;
Mohammed et al., 2002].
Results from specialized rebar configurations References using specialized rebar
configurations to assess the influence of crack width on corrosion included [Schiessl and
Raupach, 1997; Ramm and Biscoping , 1998; Mohammed et al., 2001, 2002; Marcotte and
Hansson, 2003; Miyazato and Hiraishi , 2005; Hiraishi et al., 2003, 2006]. While each of
these specialized rebar configurations have their own possible issues (see Section 4.1.5),
common observations have been made. In all cases, reinforcement corrosion initiates
rapidly in cracks greater than 0.10 mm. It has also been observed in all papers that the
anodic regions of the steel are found near or at the location of the transverse crack. Results
indicate the corrosion rate tends to be at their maximum relatively soon after exposure
and tend to reduce with continued exposure [Schiessl and Raupach, 1997; Mohammed
et al., 2002]; however, this may be caused by assumptions concerning the anode size.
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Table 4.4 Overview of literature concerning reinforcement corrosion in concrete with
transverse cracks. Numbered footnotes correspond to author’s comments on
selected works provided in Table 4.5.
∗ Indicates reference was included in a previous review in [Tuutti , 1978]
† Indicates reference was included in a previous review in [Imamoto et al., 2007]
‡ Indicates reference was included in a previous review in [Schiessl , 1986]
116 Department of Civil Engineering - Technical University of Denmark
4.1 Introduction Impact of cracks on reinforcement corrosion
Department of Civil Engineering - Technical University of Denmark 117
Impact of cracks on reinforcement corrosion 4.1 Introduction
118 Department of Civil Engineering - Technical University of Denmark
4.1 Introduction Impact of cracks on reinforcement corrosion
Department of Civil Engineering - Technical University of Denmark 119
Impact of cracks on reinforcement corrosion 4.1 Introduction
120 Department of Civil Engineering - Technical University of Denmark
4.1 Introduction Impact of cracks on reinforcement corrosion
Department of Civil Engineering - Technical University of Denmark 121
Impact of cracks on reinforcement corrosion 4.1 Introduction
122 Department of Civil Engineering - Technical University of Denmark
4.1 Introduction Impact of cracks on reinforcement corrosion
Department of Civil Engineering - Technical University of Denmark 123
Impact of cracks on reinforcement corrosion 4.1 Introduction
124 Department of Civil Engineering - Technical University of Denmark
4.1 Introduction Impact of cracks on reinforcement corrosion
Department of Civil Engineering - Technical University of Denmark 125
Impact of cracks on reinforcement corrosion 4.1 Introduction
Crack spacing
In [Raupach, 1992; Schiessl and Raupach, 1997] an analytical model system illustrates
the effect of reducing crack spacing on corrosion current. The model systems consisted
of a single steel reinforcing bar and covering concrete with resistivity of 100 Ω/cm and
a varying spacing of cracks, including 10, 20, and 100 cm spacing. The cathode size
was assumed to be the same as the crack spacing, while the anode is contained within
the cracked region. In this case, the anode current (Ia,i) is approximately doubled by
increasing the crack spacing from 10 to 20 cm, and further approximately doubled by in-
creasing the crack spacing from 20 to 100 cm. While these results are specific to the given
conditions, they indicate cathode size influences the corrosion rate in RC. Experimental
measurements in [Houston et al., 1972; Arya and Ofori-Darko, 1996; Hiraishi et al., 2003;
Miyazato and Hiraishi , 2005] also show an effect of crack spacing on corrosion rate.
Experimental investigation into the effect of crack spacing on reinforcement corrosion was
presented in [Arya and Ofori-Darko, 1996]. Reinforced beams contained idealized cracks,
which were cast into the cover concrete using plastic inserts. It should be noted that the
use of inserts creates cracks with an idealized and unrealistic crack morphology, affecting
ingress behavior. Samples contained 0, 1, 2, 4, 8, 12, 16, or 20 equally spaced idealized
cracks over a distance of 1.36 m with a total crack width of 2.4 mm. Results of this
study indicate that cumulative weight loss through corrosion (i.e. amount of corrosion)
increases with increasing number of cracks (i.e., reduced crack spacing) from 0 to 16
cracks. However, when the number of cracks increases from 16 to 20 cracks (85 mm and
68 mm crack spacing, respectively) there was a rapid decrease in the amount of corrosion.
Possible self-healing was cited as an explanation for this reduction in [Arya and Ofori-
Darko, 1996]. However, the reduced corrosion rate may also be explained by the reduced
size of the cathode with the smallest crack spacing as described in [Schiessl and Raupach,
1997].
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Engineered cement composites (ECC) which undergo multiple cracking with a controlled
crack width [Li , 2003a] may similarly provide reduce corrosion rates. Investigations in
[Hiraishi et al., 2003] and [Miyazato and Hiraishi , 2005] have shown that the crack width
control provided by ECC materials significantly reduces the (ingress rate of chloride ions
and the subsequent) reinforcement corrosion rate.
4.2 Experimental procedures
As discussed in Section 4.1.5 several specialized rebar configurations have been devel-
oped to assess the influence of transverse cracking on reinforcement corrosion. However,
potential issues exist with these setups, particularly a realistic cracking behavior of the
concrete. Therefore, this section describes an instrumented rebar designed to provide
location-dependent corrosion measurements. In addition, the instrumented rebar should
be capable of carrying and transferring loads and inducing realistic cracks.
4.2.1 Instrumented rebar configuration
The instrumented rebar consists of four sections of standard 10 mm diameter deformed
rebar cut to lengths shown in Figure 4.15. The central section of the rebar (i.e. the
340 mm instrumented part) was bored, providing a 4 mm diameter void along the center.
Seventeen (17) 1.5 mm diameter holes were drilled through the outer surface into the inner
void. The holes were spaced 11 mm apart and carefully located between reinforcement
ribs. Sensors protruded 5 mm from the reinforcement at each hole. The sensors were
constructed by soldering 1 mm diameter steel pins (∼10 mm in length) to individual
lead wires. Glue-coated heat-shrink tube encased each steel pin to protect the soldered
connection and electronically disconnect the steel pins from the reinforcement. The 5 mm
length protruding from the reinforcement was not covered by the heat-shrink tube. All
17 lead wires were bundled and sealed with heat-shrink tube. The bundle was passed
Department of Civil Engineering - Technical University of Denmark 127
Impact of cracks on reinforcement corrosion 4.2 Experimental procedures
Table 4.5 Comments to works presented in Table 4.4.
Comment
number
Comment
1) Very high w/c used.
2)
Description of experiments is insufficient to fully comprehend reported re-
sults.
3)
Specimens were unloaded during testing, likely allowing crack width recov-
ery, which was not measured.
4)
Electrochemical results are suspect as the authors reported the ‘cathode’
rebar corroded in some specimens.
5)
Conclusion in papers that corrosion is “...not influenced by the widths of
cracks or the existence of the crack itself” disagrees with the presented
results.
6)
Information on exposure time is not provided in papers, making results
unclear and conclusions vague.
through a hole in the 30 mm long hollowed section as shown in Figure 4.15. Epoxy was
then injected into the hollowed section to protect the wires, electrical connections and
sensors. To provide adequate length of the instrumented rebar, two end parts of solid
rebar were attached using threaded connections. Teflon tape was used at all threaded
connections of the instrumented rebar.
4.2.2 Materials and specimen preparation
Details on the materials used and mixture procedure are found in Section 2.2.1. Only
Mixture I.D. 1, from Table 2.1, was used for corrosion testing.
The fresh concrete was placed and vibrated into 100x100x600 mm3 molds and covered by
plastic for 24 hours at ambient conditions (i.e., 18◦C ±2◦C). Upon demolding the speci-
mens were sealed with multiple layers of plastic followed by aluminum foil and packaging
tape and were stored at 20◦C ±1◦C until testing. As shown in Figure 4.16, the concrete
beam specimens were cast with an instrumented rebar, a standard rebar, and a ruthe-
nium/iridium mixed metal oxide activated titanium (MMO-Ti) mesh. The sensors in the
instrumented rebar were cast to face the tension surface of the beam, while the MMO-Ti
mesh was cast 10 mm ± 3 mm from the compression surface, opposite the instrumented
rebar. Additional information on the use of MMO-Ti mesh as a counter electrode in
concrete can be found in the literature [Nygaard , 2008; Ku¨ter , 2009].
4.2.3 Mechanical loading and environmental exposure
Steel cracking frames, shown in Figure 4.16 in gray, were used to load the beams to 2,
3, 4, and 5 mm mid-span deflection (MSD) to induce cracking (Table 4.6). Bolts were
finger-tightened then the defined MSD was applied by turning the bolts a required num-
ber of revolutions, using a wrench.
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Figure 4.15 Schematic of the instrumented reinforcement used for corrosion investigations
(Note: Deformed reinforcement was used, ribs not shown in drawing).
Figure 4.16 Beam specimen design including instrumented rebar, MMO-Ti mesh, and
reservoir for chloride solution. Cracking frame is shown in gray.
Table 4.6 Loading conditions, average crack width as measured from the tension surface
of the concrete, and exposure durations for all beams.
Beam I.D. Mid-Span Avg. Crack Exposure
Deflection Width Duration
— mm mm days
0∗ 2 0.4 —
1 2 0.4 62
2 2 0.3 35
3 3 0.6 14
4 3 0.7 62
5 4 0.9 35
6 5 1.2 62
∗ Beam 0 used for fluorescent epoxy impregnation
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Prior to application of mechanical load, the sides of the specimens (i.e., not the compres-
sion and tension surfaces) were sealed using silicon caulk. This was completed prior to
loading as to not seal the induced crack(s). The hardened silicon did not rupture during
loading of the beam specimens. After loading, a plastic ponding dike (40x80 mm2) was
placed over the crack and the tensile surface outside the ponding area was sealed with
silicon caulk. In cases where multiple cracks occurred only the crack directly over the
steel fulcrum (Figure 4.16) was ponded. The compression surface was left unsealed. The
ponding dike was then filled with a 10% chloride solution by weight (using NaCl). The
ponding dike was refilled as necessary during testing.
4.2.4 Assessment of cracking behavior
To compare the cracking behavior of the concrete surrounding the instrumented rebar,
epoxy impregnated plane and serial sections were investigated using Beam 0, a 2 mm
MSD beam. Beam 0 was used as part of an trial investigation presented in [Hansen,
2009]. The corrosion data from Beam 0 is not presented here due to an error, which was
corrected through the trial investigation. The impregnated beam was kept loaded in a
cracking frame during the impregnation process described below.
To impregnate the cracked beam the crack was rinsed with deionized water multiple
times to minimize crystallization of NaCl, which may impede the flow of epoxy. The
specimen was allowed to dry for 7 days at 20◦C ±1◦C and 50% ±2% relative humidity.
The beam compression surface was coated using a thick layer (∼5 mm) of silicon to seal
the specimen (needed to draw a vacuum). A 5 mm thick cylindrical acrylic vacuum
chamber with an inner diameter of 85 mm was placed over the crack. Channel-shaped
rubber gaskets coated with vacuum grease placed on each end of the acrylic chamber
provided an adequate seal. The chamber was then evacuated to a pressure of 10 mBar
and fluorescent epoxy was impregnated as described in accordance with the procedures
in [DSF 423.39 , 1998; Laugesen, 2005]. After 24 hours the epoxy hardened and the
specimen was removed from the cracking frame and sectioned using a wet saw as shown
in Figure 4.17. The transverse and parallel sections were used to compare the cracking
behavior of the concrete immediately surrounding the instrumented and standard rebars.
The location of transverse and parallel sections discussed in Section 4.3.1 are indicated
in Figure 4.17. Additional details on the epoxy impregnation process can be found in
Section 2.2.4 of this thesis and in [Laugesen, 2005].
4.2.5 Corrosion testing
The OCP of each sensor was measured versus a standard calomel electrode (SCE) placed
in the pond and versus the embedded MMO-Ti mesh. OCP of the MMO-Ti mesh was also
measured against the SCE. OCP measurements were adjusted to the standard hydrogen
electron (SHE) using an offset of 244 mV (values range from 240 mV to 245 mV in the
literature [Elsener et al., 2003; Bardal , 2004; Myrdal , 2007; Ku¨ter , 2009]).
Potential measurements were recorded every 2 hours by a LabVIEW controlled corrosion
measurement system which is described in [Ku¨ter , 2009; Ku¨ter et al., 2010]. The system
130 Department of Civil Engineering - Technical University of Denmark
4.2 Experimental procedures Impact of cracks on reinforcement corrosion
Figure 4.17 Locations of the parallel and transverse epoxy impregnated sections. 150 mm
was removed from each end of the beam prior to cutting sections.
(a) (b)
Figure 4.18 (a) Schematic of the printed circuit board which consists of two switch cards,
Cards 19 and 20, with connections being made to the indicated electrodes.
(b) The wiring diagram for Cards 19 and 20.
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utilizes specially designed printed circuit boards to cluster up to 8 electrodes and connect
them to a to a reference electrode simultaneously. This minimizes the required number
of data acquisition channels. Figure 4.18(a) illustrates the printed circuit board, which
consisted of two ‘switch cards.’ Cards 19 and 20 are shown in the figure. Lead wires
from the various electrodes (sensor pins in the instrumented rebar and MMO-Ti mesh)
are connected to the switch card. It should be noted that connections 2 and 12 (Figure
4.18), used to measure corrosion current, were not used in this initial investigation. Fig-
ure 4.18(b) shows the corresponding wiring diagram for switch cards 19 and 20. Figure
4.19(a) shows wiring diagrams for all cards used for measurements and as seen a total of
6 cards were required to record data from three beams at the same time. Figure 4.19(b)
identifies the location of each sensors in relation to the crack.
OCP measurements are conducted in sweeps wherein an electrical connection is initially
established between a switch card and a reference electrode. After establishing the elec-
trical connection a delay period is set in the program (2 minutes) at which time the
corrosion potential of the sensors is measured and recorded. The program automatically
switches to the next card, establishes an electrical connection between the card and the
reference electrode material, measures and records the corrosion potential of the sensors.
Additional information on the measurement system and modifications made to the sys-
tem for this testing is available in [Ku¨ter , 2009; Ku¨ter et al., 2010] and [Hansen, 2009],
respectively.
At the conclusion of corrosion measurements the concrete covering the standard and
instrumented rebar was removed from the side of the beam for inspection of the concrete
and rebars. To facilitate this, 25 mm deep notches were cut above and below the rebars
(standard and instrumented) and the concrete was removed by chisel and hammer. Silver
nitrate, AgNO3, and Rainbow Indicator were sprayed on opposite exposed surfaces to
assess the ingress behavior of chloride ions and change in pH, respectively. Rainbow
Indicator is an aqueous pH indicator that changes color based on the pH range of concrete
pore solution [Campbell et al., 1991; Instruments ]. As shown in Figure 4.20 pH ranges
include 5 to 7, 7 to 9, 9 to 11, and 11 to 13. Inspection of the rebars included removing
the steel pins from selected sensors to assess the corrosion behavior and assessment of
corrosion of the standard rebar.
4.3 Results and discussion
4.3.1 Performance of instrumented rebar
Three potential problems with the instrumented rebar were investigated: 1) change in
mechanical behavior in the rebar due to the hollow sections and sensor pin holes, 2) the
cracking behavior of the concrete immediately surrounding the instrumented rebar, and 3)
the corrosion behavior of the sensors. Basic structural analysis on the impact of hollowing
the instrumented rebar and microscopic observations concerning impact of stress concen-
trations caused by sensor pin holes in the instrumented rebar are discussed in Section
4.3.1. Fluorescent epoxy impregnated cracks in the concrete immediately surrounding
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(a)
(b)
Figure 4.19 (a) Wiring diagrams for all cards used for corrosion testing. (b) The location
of sensors are indicated with the Pin ID corresponding to that shown in (a)
for Beams A, B, and C.
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Figure 4.20 Color variations indicated by Rainbow Indicator as a function of pH, from
[Instruments].
the instrumented and standard rebars are compared using the parallel and transverse
sections in Section 4.3.1. The individual sensors consist of a steel pin sealed partly using
glue-coated heat-shrink tube which creates a potential site of crevice corrosion. Upon
completion of corrosion testing of each beam, randomly selected pins were removed to
check for crevice corrosion as discussed in Section 4.3.1.
Mechanical behavior of hollow rebar with holes
Hollowing of the instrumented rebar results in a 2.56% reduction in bending stiffness (i.e.,
E ·I) and a 16% reduction in cross-sectional area of the rebar (using nominal diameter, 10
mm and considering the 4 mm diameter bore is centered). The axial stiffness (i.e., E ·A) of
the instrumented rebar is equivalent to a standard rebar with a 9.17 mm nominal diameter.
Stresses are known to concentrate at holes in steel, which can modify deformation and
failure. However, visual and microscopic inspections of all instrumented rebar and sensor
holes indicated no excessive deformations or diameter reductions due to yielding or rupture
of the steel occurred.
Comparison of cracking behavior
Parallel and transverse sections from the instrumented and standard rebar sides of the
impregnated beam are shown in Figure 4.21 and 4.22, respectively. Images were taken
under ultraviolet light, causing the fluorescent epoxy to glow. Similar primary cracks (in-
dicated by [A] in Figure 4.21) were seen from both sides of the beam. Once the primary
crack (i.e., crack perpendicular to rebar) intersects the rebars additional tensile stresses
are developed in the steel, which induce slip and separation between the concrete-steel
interface and subsequent cracking in the concrete [Pease et al., 2006; Spangenberg , 2009].
This damage is particularly visible at the concrete-rebar interface above both the instru-
mented [B] and standard [C] rebars (i.e., tension surface of beam). Figure 4.22, discussed
below, provides additional details on cracking in the concrete and slip and separation at
the concrete-steel interface. The primary crack continued, beyond the rebar [D], deeper
towards the compression side of the beam on the instrumented rebar side. This is possibly
caused by the reduced cross-sectional area of steel in the instrumented rebar; however,
intrinsic variations of the material may explain this behavior. For example, the crack
length in impregnated WST specimens presented in Chapter 2 also varied through the
specimen thickness. Direct comparison of cracking behaviors in Figure 4.21 is hindered as
the standard rebar [C] was not sliced directly in the middle, however less damage appeared
to occur in the concrete neighboring the instrumented rebar [B]. Transverse sections in
Figure 4.22 provide additional comparison of the cracking behavior.
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(a) (b)
Figure 4.21 Parallel sections showing the (a) instrumented rebar and (b) standard rebar,
with the following details indicated [A] - primary crack, [B] - instrumented
rebar, [C] - standard rebar, and [D] - reflected cracking. The top of the image
was the tension surface of the beam. (Author’s photos)
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(a) (b)
Figure 4.22 Transverse sections from the (a) instrumented rebar and (b) standard rebar.
Sections were located ∼5 mm from primary crack. [A] indicates the location
of a sensor. (Author’s photos)
Figure 4.22 show cracks extend radially from both rebars to the outer sides of the beams.
The radial cracks separate the compressive and tension sides of the beam. Observation
from additional transverse sections (see Figure 4.17) showed epoxy impregnation of radial
cracks terminated between 36 and 44 mm from the primary crack along both rebars. On
the standard rebar side (Figure 4.22(b)), separation at the concrete-steel interface is seen
on the tension side. As indicated by [A] in Figure 4.22(a) the sensor extends from the
instrumented rebar into the concrete, reducing interfacial separation. For future investi-
gations, it is recommended to place the sensors flush with the reinforcement surface to
eliminate this effect on interfacial separation.
It should be noted that in other investigations slip and separation between the reinforce-
ment and concrete did not occur [Win et al., 2004]; however, as discussed in Section
4.1.4 damage at the interface is dependant on load level, cover thickness, and material
properties.
Corrosion of sensors
Figure 4.23(a) shows a typical sensor (from Beam 2) after corrosion testing, still inside the
instrumented rebar. In Figure 4.23(b) the pin was partially removed to expose the portion
of the pin which was inside the instrumented rebar. The broken line indicates a significant
cross-sectional reduction in the portion of the sensor which was embedded in the concrete;
however, cross-sectional reduction is not apparent from inside the glue-coated heat-shrink
tube. Crevice corrosion was not observed on the sensors.
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Figure 4.23 (a) An individual sensor pin from Beam 1 after corrosion testing. (b) The
sensor pin was partially removed to check for corrosion inside the instrumented
rebar. (Author’s photos)
4.3.2 Influence of cracking on reinforcement corrosion
Ingress of chloride ions
Chloride ions ingress, as indicated by AgNO3, occurred through the primary crack on
the tension side of the beam. Chloride ions reached the level of the MMO-Ti mesh in
all beams during corrosion testing, causing variable moisture and chloride conditions at
the MMO-Ti mesh surface. After chloride ions penetrated through the primary crack the
chloride ions penetrated along the reinforcement, likely due to the interfacial separation
and radial cracking shown in Figures 4.21 and 4.22. Maximum lengths of lateral ingress
for all beams are listed in Table 4.7.
Open circuit corrosion potential measurements
Figure 4.24 shows OCP’s of the embedded MMO-Ti mesh during the exposure time of
Beam 3. As shown in the figure, the OCP of MMO-Ti mesh embedded in concrete was
stable under the varying chloride contents indicated in section 4.3.2. The average OCP of
the MMO-Ti mesh embedded in all beams was 183 mVSHE with maximum fluctuations of
±22 mVSHE. Based on these measurements, the MMO-Ti mesh is considered suitable for
use as a second reference electrode. Similar OCP’s were measured when using the SCE
and MMO-Ti mesh as the reference electrode, as shown for the selected sensors in Figure
4.24. It should be noted that, while the MMO-Ti mesh potential remained stable and
correlated well with previous measurements in cementitious materials (180 mVSHE± ∼22
mVSHE in mortar [Ku¨ter , 2009]), a pH dependency has been observed [Castro et al.,
1996]. The pH of the concrete neighboring the reinforcement ranged between 11-13, as
indicated by Rainbow Indicator [Campbell et al., 1991; Instruments ] (Figure 4.20), after
testing as shown in Figure 4.25. The deformations from the reinforcement are clearly seen
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Figure 4.24 OCP measurements of the MMO-Ti mesh and selected sensors in the instru-
mented rebar from Beam 3. OCP of the sensors were taken against both the
SCE (solid lines) or MMO-Ti mesh (broken lines). Sensors are identified by
their distance from the primary crack.
in the concrete with purple and blue coloration. The red color, seen at the mid-span and
the inset zoomed image, is corrosion product.
Figure 4.24 also shows typical OCP measurements of sensors in the instrumented rebars
using both the SCE and MMO-Ti mesh as the reference electrodes. As can be seen, the
OCP’s all undergo a rapid drop, but at varying times. This rapid drop likely corresponds
to a change in the thermodynamically favored corrosion state (i.e., passive to active) of
the individual sensors. An OCP drop of -200 mVSHE or larger typically indicates active
corrosion [Ku¨ter , 2009]. While this value may be up to debate [Elsener et al., 2003],
corrosion was observed on 80% of sensors with a potential drop in excess of -200 mVSHE.
Gradual changes in OCP of sensors are likely due to variations in the concrete resistivity
and local chloride/moisture contents. The average difference between OCP measurements
taken from the SCE and MMO-Ti mesh was 5.0 mVSHE.
Location dependencies of the OCP measurements are more clearly illustrated by contour
maps showing exposure time on the y-axis, sensor location with respect to the crack on
the x-axis and OCP indicated by the color scale (Figures 4.26 and 4.27). Ordinary linear
kringing interpolation was used to estimate the OCP between measurement locations.
Location information on the x-axis is shifted based on the actual location of the sensors
relative to the primary crack as measured after removal of the concrete cover. A shift
in the contour color from blue to red corresponds to the -200 mVSHE isoline indicates
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Figure 4.25 Beam 4 with Rainbow Indicator applied. (Author’s photos)
Figure 4.26 Location and time dependent OCP of sensors in Beam 4 (0.7 mm crack width).
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(a)
(b)
Figure 4.27 Location and time dependent OCP of sensors in (a) Beam 1 (0.4 mm crack
width) and (b) Beam 3 (0.6 mm crack width) during the first 7 days of
exposure.
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where and when active corrosion becomes thermodynamically favored. Figure 4.26, which
depicts the complete duration of Beam 4 testing, shows a typical measurement from a
complete instrumented rebar. Initially, the OCP across the instrumented rebar has values
between ∼0 to 200 mVSHE with a distinctly higher OCP near the location of the crack.
This might be explained by an initially higher oxygen content in the crack region. Drop
in OCP below -200 mVSHE tends to occur earliest nearby the primary crack, followed by
more distant (from the primary crack) sensors. Table 4.7 lists the total length along the in-
strumented rebars where OCP dropped below -200 mVSHE at the end of corrosion testing.
Figure 4.26 shows that at approximately 40 mm from the primary crack the drop in OCP
takes significantly longer to occur than neighboring regions (both closer to and farther
from the primary crack). Additionally, the OCP did not drop during testing for sensor
below approximately -60 mm from crack for Beam 4. Similar behavior (i.e., delayed or
no OCP drop at various locations) occurred in all beams and is likely attributable to the
variations in the cracking behavior described in section 4.3.1.
Figures 4.27(a) and (b) illustrate the effect of varying crack width during the first 7 days
of exposure for Beam 1 and 3, with 0.4 mm and 0.6 mm crack widths, respectively. In
both cases, the -200 mVSHE isoline initially appears at the location of the crack and ex-
tends further away from the crack location with increased time. The -200 mVSHE isoline
increases in length along the instrumented rebar for Beam 3 more rapidly than from Beam
1. After 7 days the isoline in Beam 3 reached a total length of approximately 77.5 mm,
while Beam 1 reached a total length of 60 mm.
Figure 4.28 shows the OCP for all beams during the first 7 days of exposure to the chloride
solution.
Visual observations of corrosion on rebars
Figure 4.29 shows the corrosion product immediately after the concrete cover was re-
moved. A green colored corrosion product was seen for all beams at both the standard
(Figure 4.29(a)) and instrumented rebars (Figure 4.29(b)). After a short period of time
(approximately 30 minutes or once dried) the green product changed to black and after
longer periods of time (approximately 24 hours) the black corrosion product was replace
by typical ‘red rust.’
Figure 4.30(a) and (b) show examples of the typical cross-sectional losses due to corrosion
of the standard rebars. Multiple locations of pitting corrosion were seen for Beams 1 and
2 (2 mm mid-span deflection). Wider areas of corrosion were seen on standard rebars
from Beams 3-6. Figure 4.30(a) shows a relatively deep corrosion pit in the standard
reinforcement from Beam 2. Figure 4.30(b) shows corrosion took place over a wider area
on the standard rebar from Beam 6. Deep corrosion pits were also observed on the instru-
mented rebars in Beams 1 and 2, with wider areas of corrosion seen on the instrumented
rebars from Beams 3-6. Corrosion was observed on the tension-facing surface (i.e., steel
surface facing beam’s tension surface) of all standard rebars. One corrosion pit was found
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(a) (b)
(c) (d)
(e) (f)
Figure 4.28 Location and time dependent OCP of sensors in (a) Beam 1 (0.4 mm crack
width), (b) Beam 2 (0.3 mm crack width), (c) Beam 3 (0.6 mm crack width),
(d) Beam 4 (0.7 mm crack width), (e) Beam 5 (0.9 mm crack width), and (f)
Beam 6 (1.2 mm crack width).
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(a) (b)
Figure 4.29 Images of corrosion product immediately after removal of cover concrete from
(a) Beam 1, standard rebar and (b) Beam 6, instrumented rebar. (Author’s
photos)
on the compression-facing surface of the standard rebar in Beam 1. Corrosion of the
instrumented rebars was observed for Beams 1-3, 5-6 on the side surface of the rebars
(i.e. steel surface towards side faces of beam). The total length, number, and location of
anodic regions are listed in Table 4.7 for all beams.
Figures 4.26, 4.27(a), (b), and 4.28(a)-(f) compare the locations of anodes on both rebars
to the measured OCP from the instrumented rebar. In some cases individual anode sites
overlapped along the rebar length. For example, Beam 1 had 7 separate anode sites on
the tension-facing surface of the standard rebar; however, all anodes overlapped giving the
appearance of a singe anode in the sketch in Fig. 4.27(a). All anode sites were observed
in regions where active corrosion was thermodynamically favored within the first week of
exposure to chloride contaminated solution according to OCP measurements. As seen in
Figure 4.28, similar results were seen for all beams.
During destructive removal of the rebars, corrosion products were seen on the surfaces of
the reinforcement and the adjacent concrete. Corrosion products at a critical level can
induce further cracking of the concrete [Alonso et al., 1998], which could affect the OCP
measurements of the sensors. However, the amount of corrosion product seen was unlikely
to cause corrosion-induced cracking as the load-induced cracks likely provided ample space
to accommodate the corrosion product. Additional time (and corrosion products) could
result in corrosion-induced cracking for longer term testing utilizing the instrumented
rebar.
4.3.3 Assessment of instrumented rebar and comparison of results
Results in section 4.3.1 indicated the instrumented rebar is capable of carrying loads and
inducing similar cracking behaviors as standard rebars. The sensors from the instru-
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(a) (b)
Figure 4.30 Images of corroding areas in the standard rebar from (a) Beam 2 (0.3 mm
crack width) and (b) Beam 6 (1.2 mm crack width). (Author’s photos)
mented rebar, which protruded into the concrete, reduced slip, and separation to some
extent.
Table 4.7 provides an overview of measurements including crack widths, lateral ingress
of chloride ions, extent of length where active corrosion was thermodynamically favored
at the end of testing (and after 7 days), and total length of the corroded regions for all
beams. Lateral ingress of chloride ions increased with increasing exposure time and crack
width. This is according to expectations as increased crack width causes increased slip
and separation of the concrete-steel interface [Pease et al., 2006; Spangenberg , 2009]; likely
allowing for increased ingress along the rebar. The presence of defects or damage at the
concrete-steel interface also decreases the critical chloride threshold required for initiation
of active corrosion [Buenfeld et al, 2004; Nygaard , 2003; Nygaard and Geiker, 2005] and
increases the likelihood of active corrosion [Mohammed et al., 2002; Yano et al., 2002].
Measurements of the OCP in Figures 4.27 and 4.28 indicated the length where the envi-
ronmental conditions thermodynamically favor active corrosion (i.e., -200 mVSHE isoline)
typically increased more rapidly for beams with larger crack widths (and corresponding
increased interfacial separation).
The extent of OCP drop after 7 days is given in parentheses in Table 4.7 under the ‘extent
of OCP drop’ heading. Comparing the extent of OCP drop from Beams 1 and 2 after
7 days and the cracking behavior observed from Beam 0, all of which were loaded to 2
mm MSD resulting in similar average crack widths, indicate a direct relationship between
damage at the concrete-steel interface and reinforcement corrosion may exist. The OCP
drop extended 60 and 90 mm after 7 days for Beams 1 and 2, while the cracking was
found to extend 36-44 mm in both directions from the primary crack (i.e., 72-88 mm
in total). Further investigations are needed to verify the relationship between interface
damage and risk/extent of reinforcement corrosion. Damage at the concrete-steel interface
may therefore be an important factor influencing reinforcement corrosion (potentially a
much more important factor than crack width). Rather than simply controlling surface
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Table 4.7 Overview of various measurement results, including lateral chloride ion ingress
at the rebar, extent of OCP drop at termination of experiment (and at 7 days),
extent and location of anodic regions (S.R. – standard rebar, I.R. – instrumented
rebar).
Crack Beam Exposure Max. length Length of S.R. Length of S.R. Location I.R. Length of I.R. Location
width I.D. duration of Cl− ingress OCP drop anode region of anode∗ anode region of anode∗
— mm days mm mm mm — mm —
0.3 2 35 177 148† (90) 20.2 (2)‡ TS 3.9 (1)‡ TS & SS
0.4 1 62 310 113† (60) 44.3 (8)‡ 7 TS & 1 CS 47.5 (3)‡ SS
0.6 3 14 235 115 (115) 22.2 (1)‡ TS 21.4 (1)‡ SS
0.7 4 62 323 151† (72) 41.0 (3)‡ TS 47.8 (4)‡ TS
0.9 5 35 281 187† (107) 32.1 (3)‡ TS 22.3 (1)‡ SS
1.2 6 62 367 113† (21) 38.3 (1)‡ TS 37.6 (1)‡ SS
∗ Locations of anodes: TS – rebar tension-facing surface, CS – rebar compression-facing surface,
SS – rebar side-facing surface
† Extent of OCP drop reached a boundary of the instrumented rebar
‡ Number of corrosion sites
crack widths, which is the current norm [AASHTO , 2007; ACI Committee 224 , 2001;
EuroCode2, 2003], design considerations such as concrete cover depth and properties of
the concrete and steel may be modified to optimize the corrosion resistance of reinforced
concrete.
Comparing the lengths of chloride ion ingress and OCP drop, particularly Beam 3 where
OCP drops did not exceed the measured length, indicated the critical chloride threshold
required for active corrosion exceeded the threshold needed to cause the color change in
AgNO3 spraying. Comparison of the OCP measurements to the length of anodic regions
on both the standard and instrumented rebar in Table 4.7 indicates the length where the
local environmental conditions favor (thermodynamically) active corrosion is far greater
than the area where actual active corrosion occurs. The presence of an anodic region on
the surface of the rebar may protect other electrically connected regions of the rebar where
active corrosion is thermodynamically favored due to the aggressivity of the environment.
The instrumented rebar therefore only assess the thermodynamically favored corrosion
state based on local environmental conditions, and is not able to consider the corrosion
state of neighboring regions of the rebar.
As presented in Section 4.3.2, corrosion typically occurred at the tension surface of stan-
dard rebars (i.e. steel surface towards tension face of beam). For the instrumented rebars,
however, corrosion occurred on the side surface in 5 of the 6 beams tested. Figure 4.22
showed interfacial separations occurred at the tension side of the standard rebar, but not
the instrumented rebar. Instead only radial cracks, extending from the sides of the instru-
mented rebar, were observed. The lack of interfacial separation at the instrumented rebar
provided additional protection against active corrosion, causing the tendency for corrosion
to occur at the side surface. Therefore, it is concluded that in future investigations the
sensors shall not protrude from the instrumented rebar, but shall be made flush to the
rebar surface.
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This chapter provides a review of terms and principles related to corrosion and reinforce-
ment corrosion. Special rebar configurations are presented and issues with the configu-
rations are discussed. Various destructive and non-destructive measurement techniques
are presented, including several special rebar configurations which have been developed
to assess corrosion in cracked reinforced concrete. One major shortcoming of the special
rebar configurations is a lack of information on the cracking behavior of the concrete sur-
rounding the special configurations.
A study of the literature (Table 4.4) concludes that the probability of corrosion initiation
increases with crack width. In addition, corrosion rate at initiation increases with crack
width. Corrosion propagation is not so clearly related to crack width.
As part of the experimental investigations, an instrumented rebar was developed to assess
corrosion as a function of the distance from a crack. Based on the limited preliminary
investigation where cracked RC beams were ponded with a 10% chloride solution the
following conclusions were made:
• Cracks in the concrete surrounding standard and instrumented rebars are largely
similar in appearance; however, sensors protruding from the instrumented rebar
appeared to reduce the separation between the steel and concrete. In future inves-
tigations, it is recommended to place the sensors flush to the rebar surface to avoid
this affect. Crevice corrosion of the sensors was not found.
• Ruthenium/iridium mixed metal oxide activated titanium (MMO-Ti) embedded
in concrete remained stable, indicating MMO-Ti may be used as an inexpensive
reference electrode in concrete. Care should however be taken if large variations in
pH are anticipated.
• For the investigated conditions, the length along the instrumented rebar where the
local environment lead to thermodynamic favoring of active corrosion was signifi-
cantly larger than the area where anodes formed on the standard rebars. Anodic
regions on the standard rebar can protect electronically connected neighboring re-
gions where the local environmental favors active corrosion. This is not considered
by the instrumented rebar.
• For the investigated conditions, the open circuit potential of the sensors changes
more rapidly with increased crack width, indicating a more rapid change in ther-
modynamic state. Corrosion of the standard rebar was found to occur in all beams.
The length of the anode region did not relate to crack width; however, corrosion
type varied based on crack width for this investigation. The 0.3 mm and 0.4 mm
crack width specimens (Beams 1 and 2) exhibited pitting corrosion while larger
crack widths (Beams 3-6 with crack widths of 0.6 to 1.2 mm) resulted in corrosion
over a relatively larger area.
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• Comparison of the cracking behavior and measurements from the instrumented re-
bar indicates that damage along the concrete-reinforcement interface may be related
to an increased risk of corrosion initiation. While further work is needed to verify
this relationship, interfacial damage is likely more important (and relevant) to re-
inforcement corrosion issues than the current practice of controlling surface crack
width.
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Summary and conclusions
5.1 Summary
The purpose of this work was to complete an in depth investigate of the effect mechanical
load-induced cracking has on the ingress and corrosion behaviors in reinforced concrete.
To narrow the aim of the study it was decided to focus on partially saturated concrete.
The work included extensive mechanical and moisture ingress testing of wedge splitting
test specimens and a corrosion investigation utilizing an instrumented rebar developed
through the project. Through the presented experimental efforts, the moisture ingress
and corrosion behaviors have been linked to fracture properties and cracking behaviors.
5.2 Overview of findings and conclusions
Chapter 2 introduces fracture mechanics, applicability of fracture mechanics to concrete,
the wedge splitting test method, and inverse analysis of the cracked hinge model completed
to determine fracture parameters. Fracture parameters were documented for Mixtures 1
and 2 as determined by measuring the crack mouth opening displacement. However, fluo-
rescent epoxy impregnation of wedge splitting test specimens indicated cracking occurred
outside the region of assumed cracking in the cracked hinge model. Therefore, fracture
parameters were also determined using photogrammetry, which provided a local measure
of the crack opening displacement. Optimization and sensitivity analyses determined that
a 3–slope cohesive laws, determined through inverse analysis of the cracked hinge model,
provide the optimal number of degrees of freedom to accurately fit model curves to exper-
imental data. The 3–slope cohesive laws were found to be repeatable and computation
times were approximately 40 minutes. Investigation of the cracking behavior through
plane and thin sections indicated cracks consisted of a coalesced and non-coalesced re-
gion, for Mixture 1. Comparison of the cracking behavior to results of the cracked hinge
model indicated a crack coalesces after approximately 16.5 to 18.5 mm of crack length
estimated by the cracked hinge model. Finally, plastic shims inserted into the notch of
the wedge splitting test specimen were found to effectively reduce crack width recovery
upon unloading cracked specimens. A cracked specimen with a 0.20 mm crack mouth
opening displacement recovered 46% of the crack opening displacement at the edge of the
notch, while the hard plastic shims reduced recovery to 9%.
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Chapter 3 introduced the controlling transport mechanisms commonly associated with
concrete and other cementitious materials. Literature on the effect cracking has on ingress
behavior was reviewed, and experiments were described which investigated the effect of
cracking on sorption in partially saturated concrete. Moisture and chloride ion ingress was
measured by x-ray attenuation measurements and silver nitrate spraying, respectively. It
was found that the use of an x-ray camera provides high resolution images of moisture
ingress in concrete specimens. The images taken indicated moisture ingress proceeded
rapidly through cracks and that a portion of the crack behaved as free surfaces for water
sorption and chloride ion ingress. It was hypothesized that coalesced cracks likely behave
as free surfaces for water sorption. Additionally, it was found that the ingress behavior of
chloride ions was delayed compared to moisture ingress behavior. This delay was likely
due to chloride binding and the effect NaCl has on solution surface tension and viscosity.
Chapter 4 introduces thermodynamics and kinetics of reinforcement corrosion, reviews
previous research works on the impact concrete cracking has on reinforcement corrosion,
and presents an experimental investigation utilizing an instrumented rebar. The instru-
mented rebar was designed to carry mechanical load, induce realistic cracks in the sur-
rounding concrete, and to provide location-dependent measurements of the corrosivity of
the local environment. For the investigated conditions, the length along the instrumented
rebar where active corrosion was thermodynamically favored was significantly larger than
the area where anodes formed in the standard rebars. Anodic regions ‘protects’ other
regions where the risk of corrosion exists. Open circuit potential of the sensors in the
instrumented rebar changes more rapidly with increased crack width, indicating a more
rapid change in thermodynamic state. Corrosion of the standard rebar was found to occur
in all beams. The length of the anode region did not relate to crack width, however cor-
rosion type varied based on crack width. Smaller cracks (≤ 0.4 mm) resulted in relatively
deep pitting corrosion while larger cracks resulted in less severe (i.e. deep) corrosion over
a relatively larger area. Comparison of the cracking behavior and measurements from the
instrumented rebar indicates that damage along the concrete-steel interface may be re-
lated to an increased the risk of corrosion initiation. Based on this work, it seems damage
at the concrete-steel interface is likely more important (and relevant) to reinforcement
corrosion issues than surface crack width.
The following two sections discuss the interaction and relationships between conclusions
from the individual chapters of this thesis.
5.3 Importance of cracking on ingress, reinforcement corrosion,
and service life
As discussed in Chapter 3, non-coalesced cracks appear to partially restrict the ingress
of water and chloride ions. However, the resistance to ingress provided by non-coalesced
cracks cause only relatively minor delays in the ingress of these aggressive substances
(for partially saturated conditions) compared to a typical service life for a RC structure.
For example, the coalesced crack from the Mixture 1 WST specimen loaded to peak load
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reached an average depth of approximately 6.1 mm into the specimen; however, after
only 6 hours the 75% ABS contour reached the bottom of the measurement area (37 mm
below the notch bottom, see Figure 3.13(c)). Therefore, the resistance to water ingress
(and based on Figure 3.25, chloride ion ingress) provided by the inhibiting cracks appears
to be negligible when compared to a RC structure service lifetime. It should also be noted
that the crack width at the crack edge for the peak load WST specimen, measured from a
plane section, was approximately 0.02 mm. This crack opening correlates reasonably well
with the estimated crack opening of 0.013 mm as shown in Figure 3.22(a). Both values are
an order of magnitude lower than typical crack width restrictions [ACI Committee 224 ,
2001; AASHTO , 2007; EuroCode2, 2003]. Based on the results presented in Chapter 3,
the presence of even minute cracks appear to significantly influence the ingress of mois-
ture, chloride ions, and other aggressive substances. However, as discussed below, this
accelerated ingress behavior may not directly affect reinforcement corrosion and service
life of RC structures.
Chapter 4 and Papers II and IV indicate that when a transverse crack intersects reinforce-
ment damage, including slip and separation, may occur at the concrete-steel interface (see
Figures 4.10 and 4.21). Comparison of the cracking behavior and measurements from the
instrumented rebar in Section 4.3.3 indicates that damage along the concrete-steel inter-
face may be related to an increased risk of corrosion initiation. Previous work has also
concluded that corrosion initiation is more likely to occur at gaps between the concrete
and steel due to readily accessible supplies of oxygen, chloride ions and moisture [Mo-
hammed et al., 2002; Yano et al., 2002; Buenfeld et al, 2004; Nygaard , 2003; Nygaard and
Geiker, 2005]. While further work is needed to verify a relationship, interfacial damage
is likely more important (and relevant) to reinforcement corrosion issues than the current
practice of controlling surface crack width.
Based on this hypothesis, the author recommends future work on RC durability issues
should focus on the determination of a relationship to estimate the extent of concrete-
steel interfacial damage based on the controlling parameters which should include, but
are not limited to, loading type (parallel or V-shaped cracks and static or dynamic load),
concrete cover thickness, surface crack width, concrete materials properties, and reinforce-
ment type (deformed or smooth bar). The extent of damage to the concrete-steel interface
could therefore be designed by increasing cover thicknesses, reducing surface crack width,
improving concrete properties, and/or changing the reinforcement type (smooth bars in-
duce less damage [Mohammed et al., 2001]). Furthermore, future studies should ascertain
acceptance limits of concrete-steel interfacial damage to ensure a particular service life
requirement.
5.4 Relating fracture properties to ingress and reinforcement
corrosion behaviors
Chapter 2 provides a brief description of fracture mechanics, which simplify concrete’s
complex cracking behavior into a homogeneous fracture property – the cohesive law. The
cohesive law, when implemented into a representative model (e.g., the cracked hinge
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model), can accurately estimate the structural response and the crack profile of the ma-
terial. However, details on the crack morphology (i.e., tortuosity, coalesced versus non-
coalesced cracks, crack branching, microcracking, etc.) are lost in such estimates. Crack
morphology has a major impact on ingress behavior, as shown by epoxy impregnation of
cracked WST specimens. The crack networks were not completely impregnated though
the crack mouth, indicating a portion of the crack was isolated. Moisture and chloride
ingress experiments in Chapter 3 and Paper II verify the crack can partially resist ingress
of these substances. Crack profiles, estimated by the cracked hinge model, can be subdi-
vided into a coalesced and a non-coalesced portion, the latter of which had a relatively
consistent length of 16.5 - 18.5 mm for Mixture 1. Therefore, results presented in this work
indicate fracture mechanics/properties may be simply modified to estimate the length of
a coalesced crack, which is a useful insight when considering ingress of moisture, etc.
While fracture modeling of RC was not completed as part of this work, experimental
results highlighted potential links between cracking in RC, which is controlled by fracture
mechanics, and reinforcement corrosion. First, the relationship between fracture proper-
ties and ingress discussed above can be directly related to reinforcement corrosion if the
penetrating substance affects the thermodynamic state of the reinforcement. In addition,
based on results in Chapter 4 and Paper IV, damage along the concrete-steel interface
is related to the risk, extent, and location of reinforcement corrosion initiation. As con-
cluded in Chapter 4, damage at the concrete-steel interface is likely more important than
surface crack width. Therefore, relating fracture mechanics/properties of concrete and
the concrete-steel interface may be a significant improvement to current durability design
approaches for cracked RC. Specifically, an analytical model relating fracture mechan-
ics/properties, geometry, and loading to both the damage along the interface and the
surface crack width would be a useful tool in the design of future RC structures.
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Abstract 
Since the development of the wedge splitting test (WST), techniques have been used to 
extract material properties that can describe the fracture behavior of the tested materials.  
Inverse analysis approaches are commonly used to estimate the stress-crack width 
relationship; which is described by the elastic modulus, tensile strength, fracture energy, and 
the assumed softening behavior.  The stress-crack width relation can be implemented in finite 
element models for computing the cracking behavior of cementitious systems. 
While inverse analysis provides information about the material properties of various 
concrete mixtures there are limitations to the current analysis techniques.  To date these 
techniques analyze the result of one WST specimen, thereby providing an estimate of material 
properties from single result.  This paper utilizes a recent improvement to the inverse analysis 
technique, which enables the stress-crack width response to be determined simultaneously 
from multiple experimental tests.  The effect of water-to-cement ratio and aggregate size are 
discussed.  A comparison of epoxy-impregnated cracked WST specimen and material 
properties indicate a relationship between fracture properties and characteristics of load 
induced cracks.   
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1. INTRODUCTION 
The cohesive crack model is commonly applied to quasi-brittle materials such as concrete.  
The concept of the cohesive crack approach deviates from linear elastic fracture mechanics 
and considers that stresses can be transferred across the fractured surfaces.  This transfer of 
stresses was first seen in steel in the form of plasticity [1,2] and was later applied to concrete 
with the concept of strain softening in [3].  The transfer of stresses in cracked concrete is 
illustrated in Figure 1a, and a generic cohesive law, or softening behavior (which can be 
readily applied in FEM programs) is shown in Figure 1b. 
The wedge splitting test (WST) was created in [4] and further developed in [5] as a tool to 
determine the fracture of concrete or other cementitious materials.  More recently, through the 
application of suitable analytical or finite element models, additional information including 
the estimated direct tensile strength, elastic modulus, and the cohesive law can be determined 
[6,7,8,9].  In [9] an analytical solution for the WST was determined using the hinge cracking 
model developed in [10]; however, several limitations existed.  Included in these limitations 
are that only bi-linear cohesive laws could be determined and the inverse analysis could be 
conducted on a single test result.  An iterative approach was developed in [11], which is 
described in greater detail in a following section.  This iterative approach can be used to 
provide N-linear cohesive laws, however the inverse analysis is still conducted on a single 
experimental result. 
The purpose of this paper is to investigate the effect to varying material parameters on the 
fracture behavior as determined by the WST and inverse analysis.  A method to consider 
multiple experimental results in the inverse analysis approach is used.  The effect of aggregate 
size, water-to-cement ratio, and cyclic loading is discussed.  In addition, image analysis of 
cracked epoxy-impregnated specimens provides insight on the effect of changing fracture 
parameters on the characteristics of the cracks formed in concrete. 
 
 
Figure 1.  Illustrations of (a) concrete crack development with a fracture-process zone 
consisting of a bridging and microcracking regions (after [12]) and (b) the multi-linear 
softening behavior of cracked concrete. 
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2. EXEPERIMENTAL DESCRIPTION 
2.1 Mixture Proportioning and Specimen Preparation 
Table 1 describes the mixture proportions used for testing, which included mixtures with 
varying maximum aggregate size and water-to-cement ratio (w/c).  The concrete mixtures 
contained 65% aggregate by volume, with equal portions of graded sand and granite 
aggregate.  The mortar mixture contained identical proportions of aggregate as the concrete 
mixtures, minus the coarse granite aggregate (i.e., 32.5% graded sand by volume).  Aalborg 
Portland Basis© cement designated CEM II/A-LL 52.5 was used for all mixtures. 
A conventional pan mixer was used for mixing 60 liter batches.  The aggregate, half of the 
sand, water and cement were added to the mixer followed by the remaining sand.  Mixing 
took place for 2 minutes, followed by a 2 minute rest period, and finally an additional minute 
of mixing.  After mixing the concrete was placed and vibrated in 100 x 100 x 100 cube molds 
which contained a 20 mm x 30 mm plastic block to create a recess.  The samples were cured 
in laboratory conditions, covered with plastic sheets for 24 hours.  After this time the 
specimen we removed from the molds and were submerged in lime-saturated water at 20°C 
until testing at 1, 3, 5, 7, 14, and 21 days.  Immediately prior to testing a 30 mm deep notch 
was cut into the specimen using a concrete saw.  Figure 2 and 3 provide illustrations of the 
final specimen geometry after saw cutting.  Additional information on the mixing procedure 
can be found in [13]. 
 
Table 1.  Mixture Proportions and Descriptions 
Mixture ID w/c Description Max. Size Aggregate (mm) 
A 0.42 Large Aggregate Concrete 16 
B 0.42 Small Aggregate Concrete 8 
C 0.42 Mortar 4 
E 0.34 Paste -- 
G 0.50 Large Aggregate Concrete 16 
H 0.30 Large Aggregate Concrete 16 
2.2 Wedge Splitting Test and Inverse Analysis 
The WST experimental setup is shown in Figure 2. During testing, a splitting load is 
applied to a concrete specimen through a rigid wedge and bearing plates with low-friction 
rollers.  The specimen consists of a 100 x 100 x 100 mm cube with a 20 mm deep by 30 mm 
wide recess, which allows for application of the splitting load.   
The WST can be used, through inverse analysis (e.g., minimizing the difference between 
the model calculations and experimental results by altering mechanical parameters), to 
determine the cohesive law for cementitious composites. Figure 3 shows the implementation 
of the hinge model developed in [14,10] to the WST geometry. The hinge model simulates the 
area directly surrounding a propagating crack, which are attached to rigid boundaries. The 
rigid boundaries of the cracked hinge are allowed to translate and rotate as indicated in Figure 
3b. The rigid boundaries seamlessly join the bulk (uncracked) specimen, where the behavior 
is controlled by the classical elastic theory (i.e. Hooke’s Law).   
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Figure 2.  Schematic of WST geometry: Specimen is placed on line support, two roller 
bearing loading devices are mounted, and wedge applies splitting load [9]. 
 
The stresses transferred in the hinge model are controlled by Equation 1 
 
 
( )
( ) ( )⎩⎨
⎧
=
==
State Cracked   
State Precracked           
tw fwgw
E
σ
εεσσ  Equation 1 
 
where E is the elastic modulus, ε is the elastic strain, σw(w) represents the cohesive law, and ft 
is the uniaxial tensile strength. Figure 1b illustrates a general g(w) curve, which 
mathematically is given by  
 
 ( ) Nwwwabwg iii →=<<−= 1i  and    w  where 1-i . Equation 2 
 
w
 
Figure 3. (a) The wedge split testing specimen with the hinge model applied, (b) Loading and 
deformation of the hinge (after [10]), and (c) the assumed stress distribution (after [10]). 
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The term wi is the intersection of two consecutive lines and is computed by 
Ni
aa
bbw
ii
ii
i <−
−=
+
+     where
1
1 , 
and the critical crack width (width at which g(w) = 0) is calculated by 
N
N
Nc a
bww ==  
where N is equal to the number of lines in the cohesive law. The deformation of the hinge is 
determined by the angular rotation, ϕ and the location of the neutral axis, y0 (see Figure 3). 
The mean value of longitudinal strains, ε*(y) is calculated by Equation 3. 
 
 ( ) ( ) syyy /2* 0 ϕε −=  Equation 3 
 
The deformation of an incremental strip of the hinge is then given by ( ) ( )ysyu *ε⋅= , where s 
is the length of the hinge (s = 0.5h). Once cracking occurs, u(y) can be computed as the sum 
of the elastic deformation and the crack opening, as shown in Equation 4. 
 
 ( ) ( ) ( )( ) ( )yw
E
yw
sysyu w +=⋅= σε *  Equation 4 
 
By combining Equation 3 and 4 the stress distribution as seen in Figure 3c is mathematically 
written as follows in Equation 5 
 
 ( )( ) ( ) ( )( )
s
Eywyyyww −−= ϕσ 02  Equation 5 
 
and by introducing the cohesive law (Equation 1) and solving with respect to w(y) and σw 
(w(y)) the following solutions are obtained: 
 
 ( )( ) ( )
s
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2 0  Equation 6 
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2 0  Equation 7  
 
where the dimensionless factors βi and ζi are defined by 
 
E
sbf
E
saf it
i
it
i == ζβ    and   . Equation 7a 
Additional information on the development and implementation of the hinge model can be 
found in [10] and [9,15,11], respectively. 
In [9] the hinge model was applied to the WST geometry and an analytical solution was 
utilized to determine a bilinear cohesive law. An iterative approach was developed in [11] 
which allows for determination of N-linear cohesive laws. The following section provides an 
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overview of the iterative inverse analysis technique for determination of N-linear cohesive 
laws.  
The inverse analysis proceeds based upon the following two main equations: 
 
 0   and   0 expexp =−=− HingeHinge CMODCMODMM  Equation 8 
 
where Mexp is the bending moment applied during experimental testing, MHinge is the bending 
moment applied in the hinge model approach, CMODexp is the observed CMOD from 
experiments, and CMODHinge is the CMOD computed from the hinge model.  The 
experimental bending moment, Mexp is computed by 
 ( ) mgedPydPM vsp 2
1
2
1
102exp ++−=  Equation 8a 
where 
 
wc
cw
spv PP αμ
μα
tan1
tan2
−
+=  Equation 8b 
which accounts for the wedge angle, αw and the friction in the roller bearings, μc; m is the 
mass of the specimen and g is the acceleration of gravity. The bending moment applied in the 
hinge model, MHinge is computed by 
 ( )( )dyyyyM hHinge ∫ −= 0 0σ  Equation 8c 
where σ(y) is the cohesive law from Equation 1. The CMOD calculated by the hinge model, 
CMODHinge is the sum of the elastic deformation, δe; the deformation caused by the crack, δw; 
and the deformation caused by geometrical amplification, δg. The calculation of the elastic 
deformation, δe is found in [16] as 
 2υδ Et
P
e = . Equation 8d 
Here t is the specimen thickness and υ2 is computed by [16]: 
 ( ) [ ]222 0.334.552.381 xxxx +−−=υ  Equation 8e 
The deformation caused by the crack, δw can be directly calculated from Equation 7 at y = h. 
Finally, the deformation caused by geometrical amplification, δg is computed by 
 ( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛
−−−= i
ew
g d
hb β
ϕδδ
12
2  Equation 8f 
where ϕe is defined as the maximum elastic angular deformation of the hinge and d is the 
depth to which the crack has propagated through the hinge. 
An analytical solution to Equation 8 cannot be obtained and therefore an optimization 
process has been implemented using MatLab. This process minimizes the difference between 
the observed load applied in experiments, Pexp and the load predicted by the hinge model, 
PHinge using the following error normalization function: 
 
 
( )
1
2
1
2
exp
exp −−+=− HingeHinge PPPP  Equation 9 
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This normalization function is applied to various stages of the load response curves, including 
the elastic portion for determination of E, the peak load for determination of ft, and the 
softening branch for determination of ai and bi.  Additional information on this optimization 
process, including a parametric study and method of implementation in Matlab can be found 
in [11].   
Previously, this and similar inverse analysis approaches have been used to fit results from 
single experimental data [9,15,11], however experimental results tend to vary slightly from 
test to test. Therefore, in order to allow for fitting from multiple specimen the following 
modification has been made, which minimizes the difference between the hinge model curve 
and a multitude of experimental curves. 
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for i=1 to Nexp, where Nexp is the number of experimental curves and for j=1 to Np where Np is 
the number of data points in the individual experimental curve. By dividing by the number of 
data points, Np in the individual curves, the data is normalized by the number of points; 
therefore, not overemphasizing the effect of a single curve on the overall fitting of the hinge 
model.  Figure 4a shows multiple experimental WST results from a single concrete batch 
along with the results of the inverse analysis.  It can be seen that the inverse analysis is 
averaging the behavior of the multiple tests. 
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Figure 4.  Results of inverse analysis of multiple WST specimen 
2.3 Crack Impregnation and Image Analysis 
A fluorescent dye epoxy was used for impregnation of cracked WST specimen at varying 
crack mouth opening displacements (CMOD).  The WST specimens were loaded to a specific 
CMOD and then epoxy impregnated under vacuum.  After hardening of the epoxy the 
samples were cut using a diamond saw. Images were taken of the impregnated samples under 
a UV-light source which causes the epoxy to illuminate, simplifying the image analysis 
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process.  A semi-automated image analysis technique was used to convert the images into 
black and white (solid concrete presented in black, crack(s) in white) and various masks were 
applied to determine geometrical characteristics of the cracks.  Additional information on the 
epoxy impregnation and semi-automated image analysis techniques can be found in [17] and 
[18], respectively. 
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Figure 5.  The effect of aggregate size on the (a) cohesive law and (c) fracture energy, and the 
effect of w/c on the (b) cohesive law and (d) fracture energy for all mixtures at age of 14 days. 
3. RESULTS AND DISCUSSION 
3.1 Inverse Analysis Results 
The results of the inverse analysis of the various concrete mixtures are presented in Figure 
5.  In this case the results of a bi-linear cohesive law inverse analysis are presented.  Figure 5a 
illustrates the effect of increasing the maximum aggregate size on the transfer of stresses 
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across a crack.  The paste mixture transfers only minimal stresses after cracking, while the 
stresses transferred across the crack increases with an increase in the size of the maximum 
aggregate.  The effectiveness of the aggregate to transfer stresses can be quantified by the 
critical crack width, or the crack width where stress transfer ceases.  The critical crack width 
of the paste is approximately 0.02 mm, while the concrete with 16 mm aggregate has a value 
of approximately 0.27 mm.  The increase in stress transfer and critical crack width is typically 
attributed to aggregate interlock and friction between the fracture surfaces [19].  Figure 5c 
shows the effect of the maximum aggregate size on the fracture energy (paste is assumed to 
have maximum aggregate size of 0 mm).  The effect of aggregate size on increasing the 
fracture energy is clearly illustrated.  The fracture energy increases from 13.7 J/m2 for the 
cement paste to 166 J/m2 for the large aggregate concrete.  It should be noted that the paste 
used in this investigation had a different w/c than the concrete and mortar mixtures.  The 0.34 
w/c paste was selected, based on the estimations in [20], to assess the properties of the paste if 
the effects of the interfacial transition zone were not considered.  However, as presented 
below, the effect to of w/c is relatively minor; therefore it is reasonable to assume a similar 
result would be obtained from a 0.42 w/c paste. 
The effect of w/c on the cohesive laws and fracture energy are shown in Figure 5b and d, 
respectively.  Figure 5b shows that the w/c has a relatively minor effect on the cohesive law 
as compared aggregate size.  The effect of w/c on the fracture energy is plotted in Figure 5d.  
The fracture energy increases 24% by decreasing w/c from 0.50 to 0.30.  Similar results have 
been seen previously (for example [6,19]).  The same reduction in w/c caused a 49% increase 
in stiffness and a 45% increase in tensile strength.  Additionally, the effect of age was 
investigated.  Results indicated increases in elastic modulus and tensile strength with time; 
however, fracture energy varied only slightly with time.   
  Figure 6 shows the results of the epoxy impregnation of the cracked WST specimens.  
The area of the crack was determined using image analysis software, and has been plotted 
versus the CMOD for the 0.42 w/c concrete with small and large aggregate (8 mm and 16 mm 
maximum size aggregate).  Figure 6 shows that the small aggregate concrete developed cracks 
with a larger crack area for a particular crack width than the large aggregate cracks with a  
 
Figure 6.  The resulting crack area from varying CMOD’s for the 0.42 w/c concrete with 8 
mm (small) and 16 mm (large) maximum sized aggregate (MSA) [21]. 
Corresponding author’s e-mail: bjp@byg.dtu.dk Page 10 
Corresponding author’s fax:+45 4588 3282 
 
larger crack area for a particular crack width than the large aggregate concrete.  As shown in 
Figure 5a and c the stress transfer and fracture energy increase as the maximum aggregate size 
increases.  The ability of the larger aggregate concrete to transfer stresses at larger crack 
widths allows this material to restrict the opening of the crack, and therefore maintaining a 
smaller crack area.  
3.2 Unloading Stiffness of the Wedge Splitting Test 
Figure 7 shows the result of cyclic load application to a single wedge splitting specimen of 
Mixture A. The specimen was unloading in both the pre- and post- peak portions of loading, 
and the load and CMOD have been normalized to the peak vertical load (1500 N) and the 
corresponding CMOD (0.042 mm).  The slopes of the individual unloading responses 
converge on a common point, referred to as the focal point (σ0,ε0), which is shown in Figure 
7a.  As discussed at greater length in [22,23] the focal point allows for the determination of 
the stiffness at any point along the envelope of the load-CMOD response.  Figure 7b shows 
the degrading effect of increasing crack width on the original stiffness, EOriginal.  A 1% 
reduction in stiffness occurred after loading to 47% of the peak load.  The degradation of 
stiffness then increases rapidly, resulting in a 38% reduction in stiffness at peak loading (i.e., 
normalized CMOD equal to 1).  The stiffness continues to degrade with increasing crack 
width. 
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       (a)        (b) 
Figure 7.  (a) Cyclic loading of the WST indicates a focal point, and (b) the unloading 
stiffness degradation  
4. SUMMARY  
This paper has shown that the wedge splitting test specimen geometry can be used to 
determine material properties that can describe the fracture behavior of concrete.  It has been 
shown that: 
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• The use of the normalization function presented in Equation 10 makes it possible 
to perform a simultaneous inverse analysis on multiple test specimens. 
• The inclusion of aggregate resulted in an order of magnitude increase in fracture 
energy.  The critical crack width and the fracture energy increased with the 
maximum aggregate size.  The fracture energy for the large aggregate concrete 
was 12 times higher than for cement paste.  This increase is attributed to the 
increase in aggregate interlock and friction between fracture surfaces. 
• While varying the water-to-cement is typically thought to have a major influence 
on mechanical properties, the fracture energy and cohesive laws are only slightly 
affected by such variations.  The fracture energy varied only 24% for the water-to-
cement ratios used. 
• Epoxy impregnation of cracked WST specimen indicates links between the 
fracture properties and the geometric characteristics of the cracks.  It was seen that 
increasing the fracture energy results in a less tortuous crack geometry.   
• The slopes of the individual unloading responses from a cyclic wedge splitting 
test converge at a focal point, similarly to compression and direct tension results 
from previous investigations.  The focal point allowed for the determination of the 
stiffness at any point along the vertical load-CMOD curve.  The stiffness of the 
wedge split test specimen rapidly degraded after reaching approximately 47% of 
the peak load. 
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Abstract 
Reinforced concrete structures are known to crack due to restrained shrinkage, temperature 
gradients, application of load, and expansive reactions.  Cracks provide paths for rapid ingress 
of moisture, chlorides, and other aggressive substances, which may affect the long-term 
durability of the structure.  For example, concrete cracks which reach the reinforcing steel 
may contribute to rapid corrosion initiation and propagation.  Previous research has shown 
that cracked reinforced concrete under static flexural loading may have an increased ingress 
of chloride ions along the reinforcement/concrete interface. 
The aim of this paper is to provide a detailed description of the development of cracks in 
reinforced concrete under flexural load. Cracking at both realistic service load levels (1.0-1.8 
times estimated cracking load) and unrealistically high service load levels (> 0.5 times beam 
capacity) has been investigated.  These load levels result in relatively small cracks (< ~0.1 
mm) and cracks larger than expected in field concrete, respectively.  The investigation 
constitutes a preliminary study in a project aimed at describing the effect of cracking on the 
transport and corrosion behaviors of reinforced concrete.   
Reinforced concrete beams were subjected to flexural load and the associated cracking 
behavior was monitored using three dimensional photogrammetry.  The results indicate that 
minute surface cracks (~10 microns) may cause slip and separation at the 
reinforcement/concrete interface. This has direct implications on the ingress and corrosion 
behaviors in concrete subjected to flexural loading, e.g. samples prepared for laboratory 
studies.  
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1. INTRODUCTION  
 
A U.S. Federal Highway Administration report estimates the total cost to repair or replace that 
nation’s structurally deficient concrete bridges to be between $78 billion and $112 billion [1].  
Furthermore, the estimated average cost to simply maintain a constant number and 
distribution of deficient bridges was placed at $5.2 billion annually between 2001 and 2011 
[2].  These estimates only account for a single structural application of reinforced concrete in 
one country; however, they alone indicate necessity for control of corrosion in reinforced 
concrete. 
Concrete frequently cracks under even minimal tensile loading (when compared to 
compressive loading causing crack formation), which may be induced via restrained 
hygral/thermal shrinkage or by mechanical load.  Cracking allows for increased local ingress 
of substances contributing to corrosion (i.e., chlorides, carbon dioxide, oxygen) near the crack 
surfaces [3-10].  Permeability increases with crack width and appears to have a dependence 
on the material type, i.e. paste, mortar, or concrete [3,4].  Results from Aldea et al. [4] 
indicate that alterations in mixture proportions, such as aggregate content/size and water-to-
cement ratio (w/c), may affect crack morphology and the permeability of the cracked material.  
Expressions for an influence factor of cracks on diffusion of chlorides were developed and 
showed reasonable correlation with field measurements; however, the investigations did only 
cover idealized and relatively large cracks (crack width, w ≥ 0.2 mm) [5].  These expressions 
indicate diffusion is significantly influenced by cracks width less than 0.2 mm.  Similarly, 
Rodriquez and Hooton [6] have shown that load induced cracks with widths greater than 80 
µm act as free surfaces for diffusion of chloride ions.  Under specific conditions autogenous 
(self) healing occurs, which may provide a reduction in chloride migration (28-35% of 
migration in newly cracked specimen) and improved (reduced) permeability, despite only a 
minor recovery of mechanical performance [7,8].  In contrast, cyclic loading resulting in the 
opening and closing of concrete cracks may result in increased chloride ingress [9]; although 
the importance of this type of loading in structural applications should be further assessed.  
Finally, results have shown a preferential ingress of chlorides along the 
reinforcement/concrete interface in cracked concrete [10].  This ingress behavior may affect 
reinforcement corrosion, specifically anode and cathode size, significantly.   
The use of low water-to-cement ratios (w/c) and certain mineral admixtures, such as silica 
fume, in so-called high performance concrete has resulted in concretes with improved 
strength, low permeability, and increased electrical resistance.  In optimum conditions (i.e., 
without cracks), such concretes provide a highly protective barrier to ingress.  However, these 
concretes are especially susceptible to early-age cracking [11] due to increases in autogenous 
shrinkage, material stiffness, and brittleness in conjunction with reduced creep [12].  Field 
observations support these experimental conclusions as cracking has increased in reinforced 
concrete bridge decks in recent years [13]. 
If cracks in reinforced concrete intersect the reinforcement a local depassivation of the 
steel may occur, and due to the increased ingress behavior a localized corrosion may rapidly 
initiate.  Several studies exist on the effect of cracks on reinforcement corrosion [14-18].  
Investigations on uncracked and cracked (with widths between 0.1 mm and 0.7 mm) 
reinforced concrete showed that crack widths of 0.1 mm, dependent on the w/c and cover, 
may affect the time to corrosion initiation [14,15].  Concrete with crack widths greater than 
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0.1 mm allowed corrosion to initiate nearly immediately when exposed to chloride solution.  
The effect of crack width on the rate of corrosion was found to diminish over time [14].  This 
suggests that crack parameters effect corrosion initiation more than propagation.   
Thus, previous studies [3-10,14-16] indicate that ingress and corrosion behaviors are 
strongly influenced by crack width and morphology; however, minimal work has been carried 
out to compare cracks in these experimental investigations with in-situ cracks.  These 
investigations have utilized various methods including splitting tensile loading, direct tensile 
loading, flexural loading, freeze-thaw cycling, and the use of shims to produce cracks with 
widths varying between 0.08 mm to 0.70 mm.  Limited information has been published 
concerning cracking of field concrete; however, an investigation of various pavements in 
Indiana indicates that in-situ cracks may be relatively small compared to the range used in 
these experiments (even after 25 years of traffic and environmental loading) [19].  
Additionally, several studies have used segments of reinforcement to monitor the effect of 
cracks on corrosion [14-16].  While these studies have provided important insight into the 
effect of cracks on reinforcement corrosion, the segments are not mechanically accurate 
which may affect the cracking, ingress, and corrosion behaviors. 
 The aim of this paper is to investigate the cracking behavior of laboratory specimen which 
will be used in an investigation of the effect cracks have on ingress and corrosion. In 
particular emphasis has been placed on developing an experimental technique which allows 
detailed information about cracking patterns and geometry to be obtained.  Such data is 
critical for development of models for the effect of cracking on transport, corrosion initiation, 
and corrosion development.  Finally, this initial investigation will facilitate comparison with 
in-situ cracking in future work.   
2. RESEARCH SIGNIFICANCE 
Cracking in reinforced concrete allows for rapid ingress of chlorides and other deleterious 
substances which may initiate corrosion of reinforcement.  In order to investigate the effect of 
cracks on ingress and corrosion in laboratory conditions, researchers often use flexural 
loading.  The flexural load-induced cracks may not however accurately represent in-situ 
cracking.  Variation in crack parameters (i.e., width, tortuosity) may result in varying ingress 
and corrosion behavior.  Therefore, a comparison between cracking in a laboratory specimen, 
designed for a corrosion investigation, and in-situ cracking is needed.  This paper presents 
results of photogrammetric analysis of cracks in laboratory specimen, which will be compared 
to petrographic analysis and in-situ cracks in subsequent work.  
3. EXPERIMENTAL PROCEDURE 
3.1 Specimen preparation and mixture design 
Reinforced concrete beams with dimensions 150 mm x 150 mm x 600 mm were cast with two 
8 mm diameter deformed bar reinforcement, as shown in Figure 1.  The mixture designs used, 
described in Table 1, contained sea sand, and two naturally rounded coarse aggregates with 
maximum aggregate sizes of 8 mm and 16 mm, respectively.  White Portland cement from 
Aalborg Portland, Denmark, was used in all mixtures.  The beams were cast with the 
reinforcement near the bottom of the form to reduce the effect of bleeding on the transition 
zone.  The specimen were cast in three layers, vibrated, and finished using a steel trowel.  The 
beams remained in the forms for 24 hours at 20°C, were demolded and placed in water 
Page  4
saturated with lime at 20°C for an additional 55 days.  Three cylinders for each mixture were 
cast and cured under identical conditions for 28 days for standard compressive strength 
measurements. 
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Figure 1:  Specimen Geometry with Location of Saw Cutting Indicated. 
 
After removal from the lime saturated water a concrete saw was used to cut the covering 
concrete from one side of the reinforced concrete beams (see Figure 1) to expose the 
reinforcement.  Approximately 2 mm of the 8 mm diameter reinforcing bar was cut away to 
provide a view of the reinforcement.  Figure 2(a) shows an example of one of the beams after 
saw cutting where it is possible to see both the concrete and reinforcing steel.  Following saw 
cutting the surfaces of the concrete and steel were further prepared to allow for three 
dimensional (3-D) photogrammetry analysis of cracking at the interface.  Further details on 
the surface preparation necessary for 3-D photogrammetry are provided in Section 3.2.  After 
saw cutting and surface preparation for photogrammetry the samples were stored sealed in 
plastic until testing. 
 
Table 1:  Mixture Proportions, Compressive Strength, and Beam Failure Load 
Mix Design w/c Cement Content Sea Sand 4-8 mm 8-16 mm f'c Beam Failure Load
- kg/m3 (lb/yd3) kg/m3 (lb/yd3) kg/m3 (lb/yd3) kg/m3 (lb/yd3) MPa (psi) kN (kips)
1 0.50 330 (556) 809 (1363) 1073 (1808) - 43 (6200) 52.2 (11.7)
2 0.50 330 (556) 766 (1291) 150 (252) 953 (1606) 39 (5700) 54.9 (12.3)  
 
3.2 Testing procedures 
Two test series were preformed by applying varying loads in three point bending over a span 
length of 500 mm.  3-D photogrammetry measurements, which are discussed further in the 
following section, were taken for both test series.  Series I involved testing of one specimen 
from each mixture.  In the initial test series an increasing load level was applied to a single 
specimen to assess which loads were of interest for further analysis.  The estimated cracking 
loads of the cut specimen, determined using the ACI Building Code, were found to be 13.6 
kN and 13.0 kN for the 8 mm and 16 mm maximum aggregate size specimen, respectively.  
The specimen was loaded to multiples of the estimated cracking load including 1.0, 1.2, 1.4, 
1.6, and 1.8.  Additionally, the beams were loaded to 30.0 kN and 35.0 kN to investigate 
cracking under more extreme loading conditions.  Load was applied at a constant rate for 
three minutes to the maximum load followed by unloading over the same amount of time.  
The beams used for the Series I were then loaded to failure, however photogrammetry 
measurements were not taken due to danger of damage to the equipment.  It should be noted 
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that previous cracking of specimens caused stiffness reductions affecting the crack opening 
response, necessitating Series II testing on previously unloaded samples to determine the 
actual cracking response.  Thus, based upon the Series I results additional measurements were 
taken for Series II, on uncracked samples, at load levels including 1.4 and 1.8 times the 
estimated cracking load and at 35.0 kN.   
 
3.3 3-D photogrammetry setup 
A commercially available 3-D photogrammetry system was utilized to provide quantitative 
and qualitative information on the cracking behavior in the specimen.  In order to facilitate 
photogrammetry measurements adequate contrast in the grayscale of individual objects is 
required.  This was achieved by using black and white spray paint to apply a stochastic spatter 
pattern as seen in Figure 2(b).  The individual aggregates remained clearly visible through the 
black and white spatter pattern.  The surface of the reinforcement was also painted white to 
eliminate reflection of light from the polished steel.   
 
     
 (a) (b) 
Figure 2:  Specimen Surface after Saw Cutting with Exposed Reinforcement (a) prior to and 
(b) after Application of Spatter Pattern. 
 
The photogrammetry system uses two charged couple device (CCD) digital cameras to 
capture images at a predefined interval, once every second during testing in this case.  The 
two CCD cameras were positioned at the same height and were focused on the same surface, 
but from different angles.  The individual cameras will be referred to as camera right and 
camera left in the following explanation.  A calibration is preformed prior to testing, using a 
calibration plate provided by the manufacturer, in order to insure accurate measurements.  At 
each image capture interval, or stage an image from both cameras was taken.  Figure 2(b) 
shows an image from one of the cameras, which were focused on a 100 mm x 100 mm area at 
the tension face directly opposite the applied load in order to monitor cracking.  Based on the 
manufacture’s specification an accurate of 1x10-5 times the image dimension (or 1 µm for the 
specimens used here) is possible for this equipment.  A comparison of crack widths measured 
using the photogrammetry equipment and an extensiometer clip gage showed reasonable 
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accuracy (±5 µm).  In order to calculate strain and displacement in the reinforced concrete 
beams a computational mask is applied by the provided software to the initial, non-deformed 
specimen surface image from camera left, see Figure 3(a).  The mask consists of 15 x 15 pixel 
facets which overlap by two pixels, corresponding to length units of approximately 0.7 mm x 
0.7 mm and 0.1 mm, respectively.  The software then associates individual facets with the 
grayscale image contained within.  Next, the software ‘finds’ the corresponding facets in the 
initial, non-deformed camera right image by searching for the same grayscale images.  The 
software then tracks the deformation of the individual facets as load is applied.  Figure 3(b) 
depicts the deformed computational mask after loading and cracking of a specimen.  The 
discontinuity introduced by the crack in Figure 3(b) causes some facets to be lost as the 
software is unable to locate the appropriate grayscale images.  The 2-D coordinates of the 
individual facets from the right and left camera images are determined and photogrammetric 
techniques are used to calculate 3-D movements.  Using this, strain is calculated and 
visualized and point-point displacements are may be determined at any point on the measured 
surface.  Additional information on the photogrammetry equipment, software, and the 
techniques employed therein can be found elsewhere [20].   
   
   
 (a) (b) 
Figure 3:  Specimen Surface with Computational Mask Applied over the (a) Non-Deformed 
Specimen (Initial Stage) and (b) Deformed Specimen (Images are Zoomed). 
4. RESULTS 
A computational mask, as shown in Figure 3 is utilized to compute major strain in individual 
facets.  This calculated strain is visualized using a color spectrum (similar to finite element 
analysis) and overlaid on an image of the specimen surface as shown in Figure 4.  The strain 
overlay however contains holes where strain computations were not possible.  These holes 
may be caused by inadequate contrast in grayscale, which is easily corrected by applying 
additional paint spatter before loading, or by inconsistent images from the two camera angles.  
The latter presents a problem for cut concrete surfaces due to the presence of large air voids.  
Voids, when viewed from different angles, vary visually due to changes in the line of sight.  
The larger voids were filled with paraffin wax to allow strain computations, however some 
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voids remained.  The strain is computed based upon the deformation in the computational 
mask as opposed to strain in the actual material.  Therefore, Figure 4 shows excessive strain at 
the crack surface, which is inaccurate in terms of actual material behavior as the presence of a 
crack would relieve strain locally.  This erroneous representation is explained by Figure 3(b) 
which shows the facets directly next to the crack are substantially deformed after cracking of 
the concrete.  However with this flaw, the computed strains provide useful qualitative 
information on the cracking behavior in reinforced concrete. 
 
   
(a) (b) 
   
 (c) (d) 
Figure 4:  Computed Strain Overlay on Specimen with (a) 8 mm Maximum Aggregate Size 
under Estimated Cracking Load (14.0 kN) and with 16 mm Maximum Aggregate Size under 
(b) Estimated Cracking Load (13.0 kN), (c) 35.0 kN (single load), and (d) 35.0 kN (increasing 
cyclic load). 
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The computed strain in specimens with 8 mm and 16 mm maximum aggregate sizes while 
subjected to the estimated cracking load is shown in Figure 4(a) and 4(b), respectively.  The 
transverse cracking propagates near aggregate interfaces and extends to the reinforcement; 
however, due to effect of the aggregate size the path of the cracks vary.  The crack in the 8 
mm maximum aggregate size specimen propagates completely around an aggregate and 
appears to be more tortuous than the crack in the larger aggregate size.  In addition, the 
computed strain indicates that slight slip and/or separation occurs at the 
reinforcement/concrete interface even at these low load levels.  Figure 4(c) shows the crack in 
a 16 mm maximum aggregate size specimen under 35.0 kN load.  The transverse crack depth 
increases and extends past the reinforcement towards the neutral axis.  The minimal slip 
and/or separation seen in Figures 4(a) and (b) has increased to extensive cracks which run 
parallel to the reinforcement.  These cracks extend in both directions from the transverse 
crack in excess of 50 mm and beyond the measuring area.  Figure 4(d) shows the cracking 
behavior in a 16 mm aggregate sample which was subjected to increasing cyclic loading (as 
discussed in Section 3.2).  Although a non-uniform load level was applied, the effect of cyclic 
loading is still apparent when comparing Figure 4(c) with 4(d).  After cyclic loading a 
continuous, nearly straight-line crack is seen at the reinforcement/concrete interface as 
opposed to the highly tortuous discontinuous cracking after a single load.  The individual 
cracks seen in Figure 4(c) may therefore coalesce into a continuous crack under cyclic load, 
which would allow for a more rapid ingress of aggressive substances along the reinforcement.  
It should also be mentioned that the tortuous crack shown in Figure 4(a) had also coalesced 
after cyclic loading. 
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 (a) (b) 
Figure 5:  Transverse Cracking Response at Varying Loads in 16 mm Maximum 
Aggregate Size Specimen (a) at the Tension Face and (b) next to the Reinforcement. 
 
Figure 4(b) shows an example of a point-point displacement measurements near the 
tension surface (Crack Opening 1) and near the reinforcement (Crack Opening 2).  Additional 
point-point displacement measurements show the response at the reinforcement/concrete 
interface approximately 5 mm to the side of the transverse crack.  Figure 5 shows the 
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transverse crack width as determined by a point-point displacement measurement versus the 
applied load for the 16 mm aggregate size specimen at varying load levels.  The cracking at 
the tension face is shown in Figure 5(a) while the crack width near the reinforcement is seen 
in Figure 5(b).  The crack width at the tensile face initiates at approximately 11 kN for the 
specimen loaded to 13.0 kN.  The crack then opens rapidly to a maximum of 35 µm (it should 
be noted this crack was too small for visual observation during testing).  The specimens 
loaded to higher levels cracked at higher loads, possible due to the increased loading rate.  
The crack widths at the tension face were measured by Aramis to be 0.13 mm and 0.46 mm at 
a load of 23.4 kN (1.8 times the estimated cracking load) and 35.0 kN, respectively.  Figure 
5(b) shows that the crack immediately propagates to the reinforcement and that the width at 
the reinforcement is significantly reduced compared to the crack width at the tensile face.  
Upon complete unloading, the crack remains open even near the reinforcement.  
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 (a) (b) 
Figure 6:  Cracking Response (i.e., Slip and Separation) at the Reinforcement/Concrete 
Interface versus (a) Load and (b) Crack Width at the Tension Face for 16 mm Maximum 
Aggregate Size Specimen. 
 
Figure 4 showed that as the transverse crack reached the reinforcement cracking will 
continue parallel to the reinforcement.  Therefore, point-point measurements were taken to 
determine the extent of this cracking.  Figure 6 shows the corresponding slip and separation 
between the reinforcement and concrete due to increased flexural loading.  Displacements 
were measured in the x-direction correspond to slip and the y-direction corresponding to 
separation.  Figure 6(a) shows that separation between the reinforcement and concrete is 
effected more by the application of load resulting in a maximum separation of approximately 
0.11 mm at 35.0 kN load.  The slip is however also significant, reaching 0.06 mm at the 
extreme load level.  At 13.0 kN, which resulted in a crack width at the tension face of only 36 
µm, slip and separation also occurs, although to a minimal level (less the 5µm).  Figure 6(b) 
shows the slip and separation as a function of the crack width at the tension face.  
Displacements at the reinforcement/concrete interface initiate and increase nearly 
immediately after cracking at the tensile face.   
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5. CONCLUSIONS 
This paper has demonstrated that commercially available 3-D photogrammetry equipment 
may provide both qualitative and quantitative information on the cracking behavior of 
reinforced concrete.  It has been shown that: 
 
• While the strains shown by photogrammetric analysis are based upon deformation of 
facets in a computational mesh as opposed to actual material strain, the capability of 
visualizing cracks and measuring crack displacements prove quite useful. 
• The strain data and point-point displacement measurements provide a means of 
creating a full field map of the cracking geometry and openings in reinforced concrete 
with a resolution of a few micrometer of crack opening.  Such maps are essential for 
subsequent development of detailed models of cracking, ingress, and corrosion 
behavior. Furthermore, the effect of differences in material and loading characteristics 
on crack patterns may be visualized and quantified. 
• Qualitative analysis of the computed strain overlay on a specimen image showed that 
the 8 mm aggregate specimens resulted in more tortuous cracks than the 16 mm 
aggregate specimen under single load applications, and that cracks coalesce into 
interconnected cracks under cyclic loading. 
• Quantitative analysis of the cracking behavior showed that minimal cracking (w ≈ 35 
µm) at the tension face results in cracks near the reinforcement, which are not 
completely closed at unloading. 
• Slip and separation between the reinforcement and concrete were found to develop 
and increase nearly immediately after transverse crack initiation at the tension face. 
• Slip and separation along the reinforcement extend typically from approximately 10 
mm to over 50 mm from the transverse crack depending on load level and number of 
load applications. 
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Abstract 
While it is generally known that cracks accelerate fluid movements, there is a need to 
quantify how cracks influence the controlling transport mechanism(s) for more accurate 
service life modeling. This paper describes an experimental approach using x-ray absorption 
measurements to quantify the influence of cracks with varying width and length on water 
sorption in concrete.  Concrete wedge splitting specimens, conditioned to 50% relative 
humidity, were loaded to varying crack openings.  Water sorption was monitored for ponded 
specimens with varying crack widths and lengths by taking multiple x-ray absorption 
measurements over time.  The effect cracks have on sorption is discussed and compared to the 
behavior of pristine concrete.  In addition, the maximum water sorption depth after one hour 
of exposure is compared to crack lengths determined by the cracked hinge model. 
1. INTRODUCTION AND MOTIVATION 
It is generally accepted that the presence of cracks in concrete allow for a more rapid 
ingress of aggressive substances, possibly leading to durability issues and shortened service 
life.  To date however, few quantitative results relate the controlling processes of cracking and 
ingress; namely linking fracture mechanics approaches with fluid or ion transport behavior in 
cementitious materials.   
In this paper, concrete wedge splitting test (WST) specimens were used to measure fracture 
parameters and ingress behavior.  Elastic modulus, tensile strength and the cohesive law for 
concrete fracture were estimated via inverse analysis.  Water sorption was monitored in 
cracked, non-saturated specimens using an x-ray camera.  The comparisons indicate that 
cracks consist of two portions, an ‘apparent crack’ – behaving approximately like a free 
surface for ingress – and an ‘inhibited crack.’  
2. EXPERIMENTAL APPROACH 
This paper outlines initial results from an experimental study which intends to quantify the 
effect cracking has on the ingress of water and aggressive substances into concrete.  In this 
research program concrete WST specimens were cast, cured, conditioned, and placed under 
mechanical loading to introduce cracks with varying lengths and widths.  The cracked WST
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      (a)        (b) 
Figure 1.  (a) The WST specimen geometry and details on location of x-ray images and (b) x-
ray system setup including moveable frame, x-ray source and camera, and specimen holders.  
specimens were used to monitor water sorption via non-destructive x-ray measurements.  
Details on the experimental approach are given in the following sections. 
2.1 Mixture Proportions and Specimen Preparation 
Concrete WST specimens, with dimensions shown in Figure 1(a) and thickness of 100 
mm, were prepared using a water-to-cement ratio of 0.50 and a cement content of 330 kg/m3.  
Aalborg White© portland cement was used with chemical composition consisting of 78.8% 
C3S, 10.5% C2S, 4.9% C3A, 1.0% C4AF, 0.6% MgO, 2.1% SO3, and an Na2O equivalent 
alkali content of 0.19%.  Aggregate consisted of washed Class E 0-4 mm sea-sand, and 
washed Class A 4-8 mm sea-gravel (in accordance with [1]).  The concrete contained 72.5% 
aggregate by volume, 776 kg/m3 fine aggregate and 1103 kg/m3 coarse aggregate. 
The concrete was mixed using a standard pan mixer with a 120 L capacity.  The fine and 
coarse aggregate were first mixed dry for 1 minute, followed by 3 minutes mixing with one 
third of the mixing water.  Mixing was stopped for 2 minutes prior to adding cement and 
mixing for 1 minute.  The remaining water was then added and mixing continued for 3 
minutes after addition of water.  The mixer was then opened and the pan and blades were 
scraped, followed by 1 additional minute of mixing.   
The concrete was placed and vibrated into molds and allowed to cure, covered by plastic, 
for 24 hours at ~20°C.  WST specimens were cast in special molds to position the ponding 
reservoir vertically at the mold wall (i.e., the mold has cross-section shown in Figure 1(a) 
when viewed from above).  Upon demolding, specimens were sealed with multiple layers of 
plastic, placed in sealed plastic storage containers, and stored at 20°C ±1°C for 6 days prior to 
storing in an oven at 45°C ±1°C until reaching a maturity age of ~1 year (using an activation 
energy 33.5 kJ/mol [2]).  During the accelerated curing phase water was placed in the oven to 
minimize moisture loss in the sealed specimens.  After curing, a 28 mm deep notch was cut 
using a wet saw, followed by halving the specimen perpendicular to the notch, resulting in 
two separate 50 mm thick specimens.  The specimens were then allowed to dry in a 50% ±2% 
relative humidity, 23°C ±1°C chamber for 18 months prior to testing. 
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Load was applied to WST specimens via a rigid wedge and roller bearing to varying pre- 
and post-peak load conditions to induce crack growth.  Additional information on the WST 
procedure is available in literature [3].  Three companion specimens were tested to failure for 
average fracture parameter determinations as described below.  Water sorption was monitored 
for WST specimens that were unloaded, loaded to peak load and cracked with crack mouth 
opening displacements (CMOD’s) of 0.10, 0.15, 0.20, and 0.40 mm.  In order to maintain the 
induced crack openings in post-peak load specimen, loading was paused at the desired CMOD 
and 2 hard plastic shims were placed into the notch prior to load removal.  Minimal CMOD 
recovery occurred in post-peak load specimens when using the wedges (~0.01 mm).  
Immediately after unloading, the specimens were sealed with aluminum tape on all sides, 
except the top, in order to create a reservoir for ponding.  The tape was smoothed to insure a 
tight seal with the specimen surface (to avoid leakage).  Specimens were then stored at 50% 
±2%  relative humidity and 23°C ±1°C until x-ray absorption testing.  
2.2 Inverse Analysis of the Cracked Hinge Model 
As previously mentioned, three WST specimens were used to determine fracture 
parameter.  The WST can be used to determine the cohesive law, elastic modulus and tensile 
strength for a material through inverse analysis utilizing an appropriate model (e.g., 
minimizing difference between model calculations and experimental results by altering 
mechanical parameters).  The inverse analysis procedure developed in [3] and further 
modified in [4] applies to the cracked hinge model [5,6] and was implemented on the WST 
geometry as shown in Figure 2.  Figure 2(a) shows the crack hinge model (CHM) which 
simulates the area directly surrounding a propagating crack in the WST specimen using the 
stress profile shown in Figure 2(c).  The cracked hinge is joined to the remaining area via 
rigid boundaries which are allowed to translate and rotate as indicated in Figure 2(b). The 
rigid boundaries seamlessly join the bulk (uncracked) specimen, where the behavior is 
controlled by Hooke’s Law.   
An inverse analysis procedure developed in [4] was used to estimate material properties (it 
was found that a cohesive law with three slopes provided the best fit).  Additionally, the CHM 
provides an estimate of the crack profile at the various conditions considered for ingress 
testing.  As show in [7] the angular deformation,  (Figure 2(b)) of the crack hinge is 
determined during the inverse analysis, and can be used to calculate the crack profile for a 
particular load.  Estimated profiles compared reasonable well to crack profiles determined 
using photogrammetry [7].  
2.3 X-ray Absorption Measurement Technique 
Several researchers have used x-ray absorption measurements to monitor fluid or moisture 
movements in cementitious materials in a non-destructive manner [8,9,10,11,12].  Here, x-ray 
absorption measurements in a GNI x-ray system located at Purdue University [13] were used 
to monitor water sorption in WST specimens.  As shown in Figure 1(b), the WST specimens 
were place between the x-ray source and camera, with 500 mm from the source to camera, 
and 392 mm from source to specimen.  The x-ray source and camera are housed in a 
programmable, moveable frame (Figure 1(b)).  Through trials, x-ray source energy levels of 
75 keV and 100 A were determined adequate for the specimen thickness used.  X-ray 
absorption behavior varies with density changes caused by addition of water to the concrete. 
The x-ray absorption of the specimens was measured using a 25 mm x 25 mm x-ray camera.
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 (a) (b) (c) 
Figure 2. (a) The WST specimen with the cracked hinge model applied, (b) Loading and 
deformation of the hinge (after [8]), and (c) the assumed stress distribution (after [11]). 
The camera consists of NaI crystals, which emit visible light when impacted by an x-ray 
photon; and a 252x256 pixel photomultiplier, which records the number of light events at 
each pixel over a set period of time (5 seconds used here).  These light events are referred to 
as counts.  Images from the x-ray camera were taken over the area of the specimen indicated 
in Figure 1(a) using 15 mm movements, proceeding in the order indicated.  At each 
measurement location, 10 images were captured, cropped, de-speckled, averaged, tiled, 
shifted, and analyzed using a batch code written in ImageJ [14,15,16].  Reference 
measurements were initially taken on the dry specimens.  After the reference measurements 
were taken the specimens were ponded with tap water.  Additional x-ray measurements were 
taken immediately after the introduction of water (i.e., 1 minute) as well as 1, 2, 3, 4, 6 and 24 
hours after water addition.  
It is important to note the differences in data provided by an x-ray camera and an x-ray 
detector.  In [8,9,10,11,12] x-ray detectors were used to measure x-ray absorption at a single 
point (or small area) in a specimen over a period of time.  Spatial data was provided by 
repeating measurements at many locations, moving the x-ray source and detector relative to 
the specimen.  In [12], an x-ray detector was used to observe water sorption in WST specimen 
over a comparable sized area using a grid of 91 measurement points (13x7 pixels).  Here, 
using an x-ray camera at 15 measurement areas (Figure 1(a)) a grid of 695506 points were 
monitored (1057x658 pixels).  The measurement process took approximately 28 minutes. 
An empirical water absorption index (ABS) was computed using the x-ray images and the 
algorithm shown in Equation 1 
 
   
   
, , ,
, , ,
100%
x y x yDry Wet i
x y x yDry Wet n
I I
ABS
I I
   Equation 1 
where (Ix,y)Dry and (Ix,y)Wet,i are the counts in each pixel of the dry image and wet image taken 
at each individual (i hours) and final measurement time (n = 6 hours).  After 6 hours of 
ponding, the initial moisture front had passed through the measurement area.  While the entire 
pore structure is not saturated after 6 hours, little change in x-ray absorption was seen after 
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this time.  The normalization to the 6 hour measurement accounts for differences in counts 
that occur due to variations in paste content in the concrete [12].   
3. EXPERIMENTAL RESULTS 
3.1 Inverse Analysis and Crack Profile Estimation 
Figure 3(a) shows the average cohesive law determined through inverse analysis of three 
WST specimens loaded to failure.  The critical crack width (minimum width causing a stress-
free crack) was found to be 0.66 mm.  The elastic modulus and tensile strength were 
estimated at 31.4 GPa and 3.2 MPa, respectively.   
Using these material parameters and the angular deformation of the cracked hinge, 
shown in Figure 2(b), the crack profile can be calculated [6].  The estimated crack profiles 
for the CMOD’s used in this study are shown in Figure 3(b), with the crack length (in terms 
of depth into WST specimen) versus CMOD response shown in Figure 3(c).  At peak loading 
a crack length of 24.5 mm was estimated, although with narrow crack opening displacements 
(Figure 3(b)).  Figures 3(b) and (c) show crack length increases with larger CMOD’s to a 
length of 45.2 mm for the 0.40 mm CMOD specimen.  Figure 3(c) indicates that initially 
crack length increases rapidly at smaller CMOD’s (< 0.15 mm) followed by more stable crack 
growth.  In addition, as the CMOD increases tractions reduce according to the cohesive law 
resulting in the slope change in crack profiles shown in Figure 3(b).  
Photogrammetry measurement of the crack profile at the WST specimen surface have been 
shown to agree well with estimated crack profiles, especially with post-peak loading [7].  It is 
important to note that the CHM uses the cohesive law (Figure 3(a)) to simplify fracture 
processes of concrete and assumes a single discrete crack with an idealized shape.  However, 
in actuality the crack opening displacement at a particular depth of the concrete is likely 
comprised of coalesced cracks, crack branches, and/or isolated microcracks.  As discussed in 
the following sections, the crack behavior (coalesced, branched, isolated) may have 
implications on ingress behavior.     
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 (a) (b) (c) 
Figure 3.  (a) The cohesive law from inverse analysis, (b) crack profiles from CHM with 
asterisks indicating maximum sorption depth after 1 hour of ponding, and (c) the effect of 
CMOD on crack length from the notch bottom (dash line) and load response (solid line).  
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3.2 Moisture Ingress Measurements 
Figure 4(a) shows a contour plot of the moisture ingress (the ABS ratio) after 1 hour of 
water ponding for the 0.15 mm CMOD specimen, as calculated from Equation 1.  The black 
rectangle indicates the location of the notch.  Water traveled rapidly through cracks resulting 
in an accelerated ingress behavior into the depth of the WST specimens.  Similar accelerated 
ingress behavior was seen for all cracked specimen after 1 hour of water exposure as 
illustrated in Figure 4(b).   
Using the 75% ABS ratio contour lines from the x-ray measurements taken 1 hour after 
water exposure, the lateral sorption was determined at varying depths in the specimens (Y-
position).  The ABS ratio contour lines were exported to AutoCAD and the total lateral 
sorption was measured at various depths (0.50 mm vertical steps used starting from 5 mm 
above notch).  The lateral sorption was averaged at each depth and the results are shown as 
sorption profiles in Figure 4(b).  The 0.40 mm CMOD specimen was not included as rapid 
moisture ingress occurred in the vertical direction beyond the measurement area.  The average 
lateral sorption from 0 to +5 mm (y position) indicates the sorption behavior from the sides of 
the notch. 
The notch in the WST specimens may be considered a free surface for water sorption.  
Similar average lateral sorption distances were observed in the cracked specimens above and 
below the notch bottom to a given depth (Figure 4(b)).  This indicates a free surface may exist 
below the notch bottom in the cracked WST specimens, possibly in the form of a coalesced 
crack.  The maximum sorption depth into the cracked WST specimens after 1 hour of water 
exposure (from Figure 4(b)) is plotted over the corresponding crack profile in Figure 3(b) as 
asterisks (except for CMOD 0.4 mm).  After 1 hour of exposure, water has yet to reach the 
full extent of the crack length.  Therefore, Figures 3(b) and 4(b) indicate that although water 
traveled rapidly through cracks and free surface sorption behavior was observed below the 
notch bottom in cracked specimens, only a portion of the total crack length contributes as a 
free surface to water sorption while the remaining portion of the crack length inhibits 
sorption.   
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Figure 4.  (a) Absorption ratio contour plot for 0.15 mm CMOD specimen after 1 hour of 
ponding, and (b) Sorption profiles for WST specimen after 1 hour of ponding, under varying 
crack conditions  
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4. COMPARISON OF CRACK LENGTH AND SORPTION MEASUREMENTS 
Figure 5(a) compares the CHM crack lengths to the maximum sorption depth after 1 hour 
of ponding in the cracked WST specimens.  The broken line indicates equivalency.  The 
single point which shows a higher maximum sorption depth than the crack length for the 
unloaded specimen (CHM crack length of 0 mm), while sorption in all cracked specimen has 
yet to reach the crack length after 1 hour of exposure to water.   
As Figure 3(b) and 4(b) indicate a portion of the crack length behaves as a free surface 
while the remaining crack length inhibits water sorption.  A possible source of this inhibition 
may be a lack of coalescence of the crack across a portion of the crack length.  Figure 5(b) 
shows the difference between the CHM crack length and the maximum sorption depth for the 
specimens with varying crack lengths.  For three of the cracked specimens tested (peak load, 
0.15 mm CMOD, and 0.20 mm CMOD) this difference had a consistent range of 8 mm to 10 
mm.  Assuming the maximum sorption depth after 1 hour of exposure relates to the location 
of free surface behavior through the controlling sorption mechanisms, Figure 5(b) may 
indicate that a consistent length of the crack inhibits sorption.  In other words, the results 
indicate the crack length consists of two portions, an apparent crack and an inhibiting crack.  
The apparent crack behaves approximately as a free surface in terms of sorption, while the 
inhibiting crack may have a consistent length and impedes sorption. 
Further investigation is needed to determine if the sorption behavior in WST specimens 
with varying crack lengths can be directly related to fracture behavior using a constant 
inhibiting crack length.  The 0.10 mm CMOD specimen results must also be investigated, 
although it is hypothesized that the rapidly increasing crack lengths at lower CMOD’s (Figure 
3(c)) may have affected this result.  Additional testing will be undertaken to assess crack 
profiles and to verify the presence of coalesced cracks and isolated microcracks. 
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Figure 5.  (a) Crack length from the CHM versus maximum sorption depth after 1 hour of 
water exposure, and (b) the difference in crack depth and maximum ingress depth for 
specimens with varying crack lengths. 
Page  8
5. SUMMARY 
  This paper presented results from x-ray absorption measurements of water sorption in 
WST specimens with varying crack lengths.  The sorption behavior was used to quantify the 
impact of crack length on water sorption.  It has been show that: 
 As the crack mouth opening displacement increased the crack length increased and 
moisture reached deeper into the WST specimens after one hour of ponding.  
 X-ray absorption measurements indicated that only a portion of the crack length has 
a free surface sorption behavior, while a consistent length of the total crack inhibits 
water sorption.   
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Abstract An instrumented rebar is presented which
was designed to have a realistic mechanical perfor-
mance and to provide location dependent measure-
ments to assess the environment with regards to
reinforcement corrosion. The instrumented rebar was
constructed from a hollowed 10 mm nominal diameter
standard rebar with 17 electronically isolated corro-
sion sensors. Instrumented and standard rebars were
cast into concrete beams and bending cracks were
induced and held open using steel frames. Epoxy
impregnation was used to assess and compare cracks in
the concrete around the instrumented and standard
rebar. As bending-induced cracks reached the rein-
forcement, slip and separation occurred along the
concrete–reinforcement interface. Cracks in the con-
crete surrounding standard and instrumented rebars are
largely similar in appearance; however, sensors pro-
truding from the instrumented rebar reduced the
separation between the steel and concrete. Cracked
beams with cast-in instrumented and standard rebars
were ponded with a 10% chloride solution and the
open circuit corrosion potential (OCP) of the 17 sensors
was measured for up to 62 days. Measurements
from the individual sensors indicate when and where
active corrosion may be thermodynamically favored
based upon the local environmental conditions. Results
indicated the length along the instrumented rebar
where active corrosion was thermodynamically favored
increased with exposure time due to the increased
aggressivity of the local environmental conditions.
Keywords Reinforcement corrosion  Instrumented
rebar  Cracked concrete  Crack width  Corrosion
potential
1 Introduction
Concrete without cracks or damage protects the
reinforcement from corrosion due to its high pH
(*12–14) and the physical barrier it provides to
resist the ingress of aggressive substances. Quality
and thickness of concrete cover are the most influ-
ential material parameters affecting reinforcement
corrosion. In practice however, concrete cracking can
occur due to tensile strains induced by restrained
hygral or thermal shrinkage and/or mechanical load.
Cracks facilitate local ingress of substances that
increase the risk of reinforcement corrosion [1–11].
Laboratory studies also indicate that cracks may allow
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more rapid initiation of reinforcement corrosion
[12–23]. In-situ observations confirm this [24–29].
This has lead to attempts to correlate the width of the
crack to the risk and/or extent of corrosion. Good
correlations between crack width and corrosion behav-
ior can be found after relatively short (B *3 year)
periods of exposure [17, 18, 23, 24, 28, 30]. However,
improving cover quality (either through increased
thickness, reduced water-to-binder ratio, or use of
supplementary cementitious materials) alters the
impact of crack width—delaying initiation and reduc-
ing corrosion rates for a constant crack width [17, 18,
31–33, 36]—meaning no single relationship can assess
the impact cracks have on reinforcement corrosion
during these early periods of exposure. Furthermore,
with additional time the relationship between concrete
crack width and extent of corrosion diminishes and
other factors including concrete quality and cover
thickness seem to dominate reinforcement corrosion
behavior [17, 18, 23, 25, 34–36].
Many test methods exist to assess the influence of
cracking on reinforcement corrosion in laboratory
studies; however, as discussed in Sect. 1.1 many of
these laboratory methods have drawbacks.
1.1 Review of laboratory test methods
Destructive techniques such as gravimetric or visual
analysis (including microscopy/EDS) of reinforce-
ment provide key information on extent of corrosion
and corrosion products related to the location of a
crack. However, as these methods are destructive,
they are typically used to verify results of other test
methods. Concrete crack mapping, which has been
used in a series of investigations [37–39], is a time-
and location-dependent assessment of reinforcement
corrosion in cracked concrete; however, this is a
measure of the impact of corrosion [40–42]. Electro-
chemical measurements on standard reinforcing bars
provide time-dependent information, but requires the
destructive removal of the reinforcement to ascer-
tain location dependent information as anode size
[13, 14]. Therefore, several specialized reinforcement
configurations have been developed for use with
electrochemical measurements to provide time- and
location- dependent information on reinforcement
corrosion.
Configurations include ‘rebar segments,’ consist-
ing of mechanically and electrically discontinuous
reinforcement section [32, 43], ‘segmented rebar,’
consisting of reinforcement sections connected
mechanically with epoxy [23, 44], and partially epoxy
coated rebar [17–19]. The ‘rebar segment’ configura-
tions consists of segments of reinforcement that are
fixed to an electrically isolated dummy rebar which
carries loads and induces cracking [32–43]. While
‘segmented rebar’ configurations are mechanically
joined using epoxy, a dummy rebar is also used to
‘‘prevent the breakdown of the specimens during
cracking’’ [23]. In [17–19] a standard rebar is partially
coated with epoxy to limit the possible anodic region
to a 20 mm segment. Separate cathodic segments are
cast in the concrete at various distances from the crack.
Photogrammetric investigations of flexural beams
have shown bending cracks reaching the concrete–
reinforcement interface develop an intricate cracking
behavior including slip and separations [45, 46]. This
slip and separation may facilitate chloride ingress
along the reinforcement [7]. Therefore, realistic
cracking behavior should be considered when testing
the impact of cracks on reinforcement corrosion. The
authors are unaware of any direct comparisons of the
cracking behavior of concrete reinforced with stan-
dard reinforcement and the specialized reinforcement
configurations discussed in the previous paragraph.
This paper describes an instrumented rebar which
provides location dependent measurements of the
aggressivity of the environment in terms of rein-
forcement corrosion. In addition, the instrumented
rebar is capable of carrying and transferring loads and
inducing realistic cracks. The cracking behavior of
concrete around a standard rebar and an instrumented
rebar was compared using fluorescent epoxy impreg-
nated sections. Corrosion potential was measured by
sensors mounted at 17 locations in the instrumented
rebar. A preliminary study of the impact of cracks on
reinforcement corrosion illustrates the applicability of
the instrumented rebar.
2 Experimental investigation
2.1 Instrumented rebar configuration
The instrumented rebar consists of four sections of
standard 10 mm diameter deformed rebar cut to
lengths shown in Fig. 1. The central section of the
rebar (i.e. the 340 mm instrumented part) was bored,
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providing a 4 mm diameter void along the center.
Seventeen (17) 1.5 mm diameter holes were drilled
through the outer surface into the inner void. The
holes were spaced 11 mm apart and carefully located
between reinforcement ribs. Sensors protruded 5 mm
from the reinforcement at each hole. The sensors
were constructed by soldering 1 mm diameter steel
pins (*10 mm in length) to individual lead wires.
Glue-coated heat-shrink tube encased each steel pin
to protect the soldered connection and electronically
disconnect the steel pins from the rebar. The 5 mm
length protruding from the reinforcement was not
covered by the heat-shrink tube. All 17 lead wires
were bundled and sealed with heat-shrink tube. The
bundle was passed through a hole in the 30 mm long
hollowed section as shown in Fig. 1. Epoxy was then
injected into the hollowed section to protect the
wires, electrical connections, and sensors. To provide
adequate length of the instrumented rebar, two end
parts of solid rebar were attached using threaded
connections. Teflon tape was used at all threaded
connections of the instrumented rebar.
2.2 Materials and specimen preparation
Aalborg white portland cement was used with an
estimated Bogue composition of 78.8% C3S, 10.5%
C2S, 4.9% C3A, 1.0% C4AF, 0.6% MgO, 2.1% SO3,
and an Na2O equivalent alkali content of 0.19%. The
aggregate was washed. Class E 0-4 mm sea-sand was
used along with washed Class A 4–8 mm sea-gravel (in
accordance with [47]). A water-to-cement ratio of 0.50
was used with a cement content of 330, 776 kg/m3 fine
aggregate, and 1,103 kg/m3 coarse aggregate (72.5%
aggregate by volume).
The concrete was mixed using a standard pan
mixer with a 120 l capacity. The fine and coarse
aggregate were first mixed dry for 1 min, followed by
3 min mixing with one third of the mixing water.
Mixing was stopped for 2 min prior to adding and
mixing the cement for 1 min. The remaining water
was then added and mixing continued for 3 min after
addition of water. The mixer was then opened and the
pan and blades were scraped, followed by 1 addi-
tional minute of mixing.
A total of eight beams were cast, where two beams
were utilized for initial testing presented in [48] and
the remaining beams were utilized as described in
Table 1 (Beam 0 was utilized in both studies). The
concrete was placed and vibrated into 100 9 100 9
600 mm3 molds and covered by plastic for 24 h at
ambient conditions (i.e. 20C). As shown in Fig. 2,
the concrete beam specimens were cast with an
instrumented rebar, a standard rebar, and a ruthe-
nium/iridium mixed metal oxide activated titanium
(MMO-Ti) mesh. The sensors in the instrumented
rebar were cast to face the tension surface of the
beam, while the MMO-Ti mesh was cast 10 mm from
the compression surface, opposite the instrumented
rebar. The casting direction was opposite of the
orientation shown in Fig. 2 (i.e., reinforcement closer
to bottom of molds) to minimize interfacial defects
due to settlement and/or bleeding. Additional infor-
mation on the use of MMO-Ti mesh as a counter
electrode in concrete can be found in the literature
Fig. 1 Schematic of the instrumented reinforcement used for corrosion investigations (Note: Deformed reinforcement was used, ribs
not shown in drawing)
Table 1 Loading conditions, average crack width as measured
from the tension surface of the concrete, and exposure dura-
tions for all beams
Beam
I.D. (–)
Mid-span
deflection (mm)
Avg. crack
(mm)
Exposure
duration (days)
0a 2 0.4 –
1 2 0.4 62
2 2 0.3 35
3 3 0.6 14
4 3 0.7 62
5 4 0.9 35
6 5 1.2 62
a Beam 0 used for fluorescent epoxy impregnation
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[49, 50]. Upon demolding, the specimens were sealed
with multiple layers of plastic followed by aluminum
foil and packaging tape and were stored at 20 ± 1C
until testing.
2.3 Experimental methods
2.3.1 Mechanical loading and environmental
exposure
Steel cracking frames, shown in Fig. 2 in gray, were
used to load the beams to 2, 3, 4, and 5 mm mid-span
deflection (MSD) to induce cracking (Table 1). Bolts
were finger-tightened, then the defined MSD was
applied by turning the bolts a required number of
revolutions using a wrench.
Prior to application of mechanical load, the sides
of the specimens (i.e., not the compression and
tension surfaces) were sealed using silicone caulk.
This was completed prior to loading as to not seal the
induced crack(s). The hardened silicone did not
rupture during loading of the beam specimens. After
loading, a plastic ponding dike (40 9 80 mm2) was
placed over the crack and the tensile surface outside
the ponding area was sealed with silicone caulk. In
cases where multiple cracks occurred only the crack
directly over the steel fulcrum (Fig. 2) was ponded.
The compression surface was left unsealed. The
ponding dike was then filled with a 10% chloride
solution by weight (using NaCl). The ponding dike
was refilled as necessary during testing.
2.3.2 Assessment of cracking behavior
To compare the cracking behavior of the concrete
surrounding the instrumented rebar, epoxy impreg-
nated plane and serial sections were investigated from
Beam 0 (a 2 mm MSD beam used as part of an initial
investigation presented in [48], corrosion data from this
beam are not presented in this paper). The impregnated
beam was kept loaded in a cracking frame during the
impregnation process described below.
To impregnate the cracked beam the crack was
rinsed with deionized water multiple times to minimize
crystallization of NaCl, which may impede the flow of
epoxy. The specimen was then allowed to dry for
7 days at 20 ± 1C and 50 ± 2% relative humid-
ity. The beam compression surface was coated using a
thick layer (*5 mm) of silicone to seal the specimen
(needed to draw a vacuum). A 5 mm thick cylindrical
acrylic vacuum chamber with an inner diameter of
85 mm was placed over the crack. Channel-shaped
rubber gaskets coated with vacuum grease placed on
each end of the acrylic chamber provided an adequate
seal. The chamber was then evacuated to a pressure of
10 mBar (1 kPa) and fluorescent epoxy was impreg-
nated as described in accordance with the procedures
in [51, 52]. After 24 h the epoxy hardened and the
specimen was removed from the cracking frame and
sectioned using a wet saw as shown in Fig. 3. The
transverse and parallel sections were used to compare
the cracking behavior of the concrete immediately
surrounding the instrumented and standard rebars.
Fig. 2 Beam specimen design including instrumented rebar, MMO-Ti mesh, and reservoir for chloride solution. Cracking frame is
shown in gray
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The location of transverse and parallel sections shown
in Figs. 4 and 5, respectively are indicated in Fig. 3.
Results are discussed in Sect. 3.1.2.
2.3.3 Corrosion testing
The open circuit corrosion potential (OCP) of each
sensor was measured versus a standard calomel elec-
trode (SCE) placed in the pond and versus the
embedded MMO-Ti mesh. OCP of the MMO-Ti
mesh was also measured against the SCE. OCP
measurements were adjusted to the standard hydrogen
electron (SHE) using an offset of 244 mV (values range
from 240 to 245 mV in the literature [49, 53–55]).
Potential measurements were recorded every 2 h by a
LabVIEW controlled corrosion measurement system
which is described in [49]. The system, which utilizes
switch cards to connect individual clusters of up to eight
electrodes to a SCE, minimizes the required number of
data acquisition channels. OCP measurements are
conducted in sweeps wherein an electrical connection
is initially established between a measurement card and
a reference electrode. After establishing the electrical
connection a delay period is set in the program (2 min)
at which time the corrosion potential of the sensors is
measured and recorded. The program automatically
switches to the next card, establishes an electrical
connection between the card and the reference electrode
material, measures and records the corrosion potential
of the sensors. Additional information on the measure-
ment system is available in the literature [49].
At the conclusion of corrosion measurements the
concrete covering the standard and instrumented
rebar was removed from the side of the beam for
inspection of the concrete and rebars. To facilitate
this, 25 mm deep notches were cut above and below
the rebars (standard and instrumented) and the
concrete was removed by chisel and hammer. Silver
nitrate, AgNO3, and Rainbow Indicator were sprayed
on opposite exposed surfaces to assess the ingress
behavior of chloride ions and change in pH, respec-
tively. Rainbow Indicator is an aqueous pH indicator
that changes color based on the pH range of concrete
pore solution [56, 57]. pH ranges include 5–7, 7–9,
9–11, and 11–13. Inspection of the rebars included
removing selected sensors to assess their corrosion
behaviors and assessment of corrosion (i.e., anode
sites) on both rebars.
Fig. 3 Locations of the parallel and transverse epoxy impreg-
nated sections. 150 mm was removed from each end of the
beam prior to cutting sections
Fig. 4 Parallel sections showing the a instrumented rebar and
b standard rebar, with the following details indicated [A]—
primary crack, [B]—instrumented rebar, [C]—standard rebar,
and [D]—reflected cracking. The top of the image was the
tension surface of the beam
Fig. 5 Transverse sections from the a instrumented rebar and
b standard rebar. Sections were located *5 mm from primary
crack. [A] indicates the location of a sensor
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3 Results and discussion
3.1 Performance of instrumented rebar
Three potential problems with the instrumented rebar
were investigated: (1) change in mechanical behavior
in the rebar due to the hollow sections and sensor pin
holes, (2) the cracking behavior of the concrete
immediately surrounding the instrumented rebar,
and (3) the corrosion behavior of the sensors. Basic
structural analysis on the impact of hollowing the
instrumented rebar and microscopic observations con-
cerning impact of stress concentrations caused by
sensor pin holes in the instrumented rebar are discussed
in Sect. 3.1.1. Fluorescent epoxy impregnated cracks
in the concrete immediately surrounding the instru-
mented and standard rebars are compared using the
parallel and transverse sections in Sect. 3.1.2. The
individual sensors consist of a steel pin sealed partly
using glue-coated heat-shrink tube which creates a
potential site of crevice corrosion. Upon completion of
corrosion testing of each beam, randomly selected pins
were removed to check for crevice corrosion as
discussed in Sect. 3.1.3.
3.1.1 Mechanical behavior of hollow rebar
with holes
Hollowing of the instrumented rebar results in a
2.56% reduction in bending stiffness (i.e., EI) and a
16% reduction in cross-sectional area of the rebar
(using nominal diameter, 10 mm and considering the
4 mm diameter bore is centered). The axial stiffness
(i.e., EAI) of the instrumented rebar is equivalent to a
standard rebar with a 9.17 mm nominal diameter.
Stresses are known to concentrate at holes in steel,
which can modify deformation and failure. However,
visual and microscopic inspections of all instru-
mented rebar and sensor holes indicated no excessive
deformations or diameter reductions due to yielding
or rupture of the steel occurred.
3.1.2 Comparison of cracking behavior
Parallel and transverse sections from the instru-
mented and standard rebar sides of the impregnated
beam (Beam 0) are shown in Figs. 4 and 5, respec-
tively. Images were taken under ultraviolet light,
causing the fluorescent epoxy to glow. Similar
primary crack (indicated by [A] in Fig. 4) behaviors
and widths were seen from both sides of the beam.
Once the primary crack intersected the rebars addi-
tional tensile stresses are developed in the steel,
which induces cracking in the concrete and slip and
separation between the concrete–reinforcement inter-
face [45, 46]. Separations are particularly visible at
the concrete–reinforcement interface above both the
instrumented [B] and standard [C] rebars (i.e. tension
surface of rebars). The reflected crack [D] continued
deeper towards the compression side of the beam on
the instrumented rebar side. This is possibly caused
by the reduced axial stiffness of the instrumented
rebar described in Sect. 3.1.1, but may also be
attributable to natural variabilities in concrete crack-
ing. Direct comparison of cracking behaviors in
Fig. 4 is hindered as the standard rebar [C] and the
instrumented rebar [B] were unable to be sliced at
identical locations, giving the appearance the stan-
dard rebar has a smaller diameter. Nevertheless, less
separation appeared to occur at the interface of the
instrumented rebar [B]. Additionally, the separations
along the instrumented rebar interface vary along its
length as a section is seen where no separations are
evident from the impregnated section. Transverse
sections in Fig. 5 provide additional details on
cracking in the concrete and slip and separation at
the concrete–reinforcement interface.
Figure 5 shows cracks extend from both rebars
to the outer sides of the beams. Observation from
additional transverse sections (see Fig. 3) showed
epoxy impregnation of these cracks terminated
between 36 and 44 mm from the primary crack (in
both directions) along both rebars. On the standard
rebar side (Fig. 5b), separation at the concrete–rein-
forcement interface is seen on the tension-facing side
of the rebar. As indicated by [A] in Fig. 5a the sensor
extends from the instrumented rebar into the concrete,
likely causing the reduced and varying interfacial
separation shown in Fig. 4a.
As discussed further in Sect. 3.3, the critical
chloride threshold required to induce corrosion
decreases due to the presence of flaws or damage at
the interface. Therefore, for future investigations it is
recommended to place the sensors flush with the
reinforcement surface in an effort to eliminate the
effect on interfacial separations. The reduced cross-
section of the instrumented rebar appears to have
only minor implications on the concrete crack
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behavior when compared to concrete cracking around
the standard rebar for the beam investigated, with a
0.4 mm average crack width.
3.1.3 Corrosion behavior of sensors
Figure 6a shows a typical sensor after corrosion
testing, still inside the instrumented rebar. In Fig. 6b
the pin was partially removed to expose the portion of
the pin which was inside the instrumented rebar. The
broken line in Fig. 6b indicates a significant cross-
sectional reduction in the portion of the sensor which
was embedded in the concrete; however, cross-
sectional reduction is not apparent from inside the
glue-coated heat-shrink tube. Crevice corrosion was
not observed on the sensors.
3.2 Influence of cracking on reinforcement
corrosion
3.2.1 Ingress of chloride ions
Ingress of chloride ions, as indicated by AgNO3,
occurred through the primary crack on the tension
side of the beam. Chloride ions reached the level of
the MMO-Ti mesh in all beams during corrosion
testing (due to ingress through the primary crack and
the pore network in the uncracked concrete), causing
variable moisture and chloride conditions at the
MMO-Ti mesh surface. After chloride ions pene-
trated through the primary crack, chloride ions
penetrated along the reinforcement, likely due to
the interfacial separation and cracking shown in
Figs. 4 and 5. Maximum lengths of lateral ingress for
all beams are listed in Table 2.
3.2.2 Open circuit corrosion potential measurements
Figure 7 shows OCP’s of the embedded MMO-Ti
mesh during the exposure time of Beam 3. As shown in
the figure, the OCP of MMO-Ti mesh embedded in
concrete was stable under the varying chloride contents
indicated in Sect. 3.2.1. The average OCP of the
MMO-Ti mesh embedded in all beams was 183 mVSHE
with maximum fluctuations of mVSHE. Based on these
measurements, the MMO-Ti mesh is considered suit-
able for use as a second reference electrode. Similar
OCP’s were measured when using the SCE and MMO-
Ti mesh as the reference electrode, as shown for the
selected sensors in Fig. 7. It should be noted that, while
the MMO-Ti mesh potential remained stable and
correlated well with previous measurements in cemen-
titious materials (180 mVSHE   22mVSHE in mortar
[49]), a pH dependency has been observed [58].
The pH of the split concrete beams ranged between 11
and 13 after testing, as indicated by Rainbow Indicator
[56, 57].
Figure 7 also shows typical OCP measurements of
sensors in the instrumented rebars using both the SCE
and MMO-Ti mesh as the reference electrodes. As
can be seen, the OCP’s all undergo a rapid drop, but
at varying times. This rapid drop likely corresponds
to a change in the thermodynamically favored
corrosion state (i.e., passive to active) of the individ-
ual sensors. An OCP drop of -200 mVSHE or larger
typically indicates active corrosion [49]. While this
value may be up to debate [54], corrosion was
observed on 80% of sensors with a potential drop in
excess of -200 mVSHE. Gradual changes in OCP of
sensors are likely due to variations in the concrete
resistivity and local chloride contents and moisture
contents. The average difference between OCP
measurements taken from the SCE and MMO-Ti
mesh was 5.0 mVSHE.
Location dependencies of the OCP measurements
are more clearly illustrated by contour maps showing
exposure time on the y-axis, sensor location with
respect to the crack on the x-axis and OCP indicated
Fig. 6 a An individual sensor pin from Beam 1 after corrosion
testing. b The sensor pin was partially removed to check for
corrosion inside the instrumented rebar
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by the grayscale (Figs. 8, 9). Ordinary linear kringing
interpolation was used to estimate the OCP between
measurement locations. Location information on the
x-axis is shifted based on the actual location of the
sensors relative to the primary transverse crack (i.e.
the ponded crack) as measured after removal of the
concrete cover. Figure 8, which depicts the complete
duration of Beam 4 testing, shows a typical mea-
surement from an instrumented rebar. Initially, the
OCP across the instrumented rebar has values
between *0 and 200 mVSHE with a distinctly higher
OCP near the location of the crack. This might be
explained by an initially higher oxygen content in the
crack region. Drop in OCP below -200 mVSHE,
indicated by the broken white line in the figures,
tends to occur earliest nearby the primary crack
Table 2 Overview of various measurement results, including lateral chloride ion ingress at the rebar, extent of OCP drop at
termination of experiment (and at 7 days), extent and location of anodic regions
Crack
width
(mm)
Beam
I.D.
(–)
Exposure
duration
(days)
Lateral Cl-
ingress @
rebar (mm)
Extent of
OCP drop
(mm)
S.R. Extent of
anode region
(mm)
S.R.
Location of
anodea (–)
I.R. Extent of
anode region
(mm)
I.R. Location
of anodea (–)
0.3 2 35 177 148b (90) 20.2 (2)c TS 3.9 (1)c TS & SS
0.4 1 62 310 113b (60) 44.3 (8)c 7 TS & 1 CS 47.5 (3)c SS
0.6 3 14 235 115 (115) 22.2 (1)c TS 21.4 (1)c SS
0.7 4 62 323 151b (72) 41.0 (3)c TS 47.8 (4)c TS
0.9 5 35 281 187b (107) 32.1 (3)c TS 22.3 (1)c SS
1.2 6 62 367 113b (21) 38.3 (1)c TS 37.6 (1)c SS
S.R. standard rebar, I.R. instrumented rebar
a Locations of anodes: TS rebar tension-facing surface, CS rebar compression-facing surface, SS rebar side-facing surface
b Extent of OCP drop reached a boundary of the instrumented rebar
c Number of corrosion sites
Fig. 7 OCP measurements of the MMO-Ti mesh and selected
sensors in the instrumented rebar from Beam 3. OCP of the
sensors were taken against both the SCE (solid lines) or MMO-
Ti mesh (broken lines). Sensors are identified by their distance
from the primary crack
Fig. 8 Location and time dependent OCP of sensors in Beam
4 (0.7 mm crack width) instrumented rebar. Sketches of
instrumented rebar (I.R.) and standard rebar (S.R.) indicate
location and length of anode(s)
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followed by more distant (from the primary trans-
verse crack) sensors. Table 2 lists the total length
along the instrumented rebars where OCP dropped
below -200 mVSHE at the end of corrosion testing.
Figure 8 shows that at approximately 40 mm from
the primary crack the drop in OCP takes significantly
longer to occur than neighboring regions (both closer
to and farther from the primary crack). Additionally,
the OCP did not drop during testing for sensor below
approximately -60 mm from crack for Beam 4.
Similar behavior (i.e., delayed or no OCP drop at
various locations) occurred in all beams and is likely
attributable to the variations in the cracking behavior
described in Sect. 3.1.2.
Figures 9a and b illustrate the effect of varying
crack width during the first 7 days of exposure for
Beam 1 and 3, with 0.4 mm and 0.6 mm crack widths,
respectively. In both cases, the -200 mVSHE isoline
initially appears at the location of the crack and
extends further away from the crack location with
increased time. The -200 mVSHE isoline increases in
length along the instrumented rebar for Beam 3 more
rapidly than from Beam 1. After 7 days the -200
mVSHE isoline in Beam 3 reached a total length of
approximately 77 mm and an extent of approxi-
mately 115 mm, while Beam 1 reached a total length
of 60 mm.
3.2.3 Visual observations of corrosion on rebars
Figure 10a and b show examples of the typical
corrosion behaviors found on the standard rebars.
Multiple locations of pitting corrosion were seen for
Beams 1 and 2 (2 mm MSD). Wider areas of corrosion
were seen on standard rebars from Beams 3–6.
Figure 10a shows a relatively deep corrosion pit in
the standard reinforcement from Beam 2. Figure 10b
shows corrosion took place over a wider area on the
standard rebar from Beam 6. Deep corrosion pits were
also observed on the instrumented rebars in Beams 1
and 2, with wider areas of corrosion seen on the
instrumented rebars from Beams 3–6. The majority of
corrosion was observed on the tension-facing surface
(i.e. steel surface towards tension face of beam) of the
standard rebars. One corrosion pit was found on the
compression surface of the standard rebar in Beam 1.
Corrosion of the instrumented rebars was observed for
Beams 1–3, 5–6 on the side surface of the rebars (i.e.
steel surface towards side faces of beam). The extent of
the length, number, and location of anodic regions are
listed in Table 2 for all beams.
Figures 8, 9a and b compare the locations of anodes
on both rebars to the measured OCP from the
instrumented rebar for Beams 4, 1, and 3, respectively.
In some cases individual anode sites overlapped along
the rebar length. For example Beam 1 had 7 separate
anode sites on the tension-facing surface of the
Fig. 9 Location and time dependent OCP of sensors in
a Beam 1 (0.4 mm crack width) and b Beam 3 (0.6 mm crack
width) during the first 7 days of exposure. Sketches of
instrumented rebar (I.R.) and standard rebar (S.R.) indicate
location and length of anode(s)
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standard rebar; however, all anodes overlapped giving
the appearance of a singe anode in the sketch in
Fig. 9a. All anode sites were observed in regions where
active corrosion was thermodynamically favored
within the first week of exposure to chloride contam-
inated solution according to OCP measurements.
Similar results were seen for all beams.
During destructive removal of the rebars, corro-
sion products were seen on the surfaces of the
reinforcement and the adjacent concrete. Corrosion
products at a critical level can induce further cracking
of the concrete [40], which could affect the OCP
measurements of the sensors. However, the amount
of corrosion product seen was unlikely to cause
corrosion-induced cracking as the load-induced
cracks likely provided ample space to accommodate
the corrosion product. Additional time (and corrosion
products) could result in corrosion-induced cracking
for longer term testing utilizing the instrumented
rebar.
3.3 Assessment of instrumented rebar
and comparison of results
Results in Sect. 3.1 indicated the instrumented rebar
is capable of carrying loads and inducing similar
cracking behaviors as standard rebars. The sensors
from the instrumented rebar, which protruded into
the concrete, reduced slip and separation to some
extent.
Table 2 provides an overview of measurements
including crack widths, lateral ingress of chloride ions,
extent of length where active corrosion was thermo-
dynamically favored at the end of testing (and after
7 days), and total length of the corroded regions for all
beams. Lateral ingress of chloride ions increased with
increasing exposure time and crack width. This is
according to expectations as increased crack width
causes increased slip and separation of the concrete–
reinforcement interface [45, 46]; likely allowing for
increased ingress along the rebar. The presence of
defects or damage at the concrete–reinforcement inter-
face also increases the likelihood of active corrosion
[59, 60] and decreases the critical chloride threshold
required for initiation of active corrosion [61, 62].
OCP measurements in Fig. 9 indicated the length
where the environmental conditions thermodynami-
cally favor active corrosion (i.e., -200 mVSHE isoline)
typically increased more rapidly for beams with larger
crack widths (and corresponding increased interfacial
separation).
The extent of OCP drop after 7 days is given in
parentheses in Table 2 under the ‘extent of OCP
drop’ heading. Comparing the extent of OCP drop
from Beams 1 and 2 after 7 days and the cracking
behavior observed from Beam 0, all of which were
loaded to 2 mm MSD resulting in similar average
crack widths, indicate a direct relationship between
damage at the concrete–reinforcement interface and
reinforcement corrosion may exist. The OCP drop
extended 60 and 90 mm after 7 days for Beams 1 and
2, while the cracking was found to extend 36–44 mm
in both directions from the primary crack (i.e.,
72–88 mm in total). Further investigations are needed
to verify the relationship between interface damage
Fig. 10 Images of corroding areas in the standard rebar from
a Beam 2 (0.3 mm crack width) and b Beam 6 (1.2 mm crack
width)
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and risk/extent of reinforcement corrosion. Neverthe-
less, damage at the concrete–reinforcement interface
may be an important factor influencing reinforcement
corrosion, potentially a much more important factor
than crack width. Rather than simply controlling
surface crack widths, which is the current norm
[63–65], designers may utilize other factors, such as
concrete cover depth and properties of the concrete
and steel, to minimize damage at the concrete–
reinforcement interface due to cracking—thereby
optimizing the corrosion resistance of reinforced
concrete.
Comparing the lengths of chloride ion ingress and
OCP drop, particularly Beam 3 where OCP drops did
not exceed the measured length, indicated the critical
chloride threshold required for active corrosion
exceeded the threshold needed to cause the color
change in AgNO3 spraying. Comparison of the OCP
measurements to the length of anodic regions on both
the standard and instrumented rebar in Table 2 and
Figs. 8 and 9 indicate the length where the local
environmental conditions favor (thermodynamically)
active corrosion is far greater than the area where
actual active corrosion occurred. The presence of an
anodic region on the surface of the rebar may protect
other electrically connected regions of the rebar
where active corrosion is thermodynamically favored
due to the aggressivity of the environment. The
instrumented rebar therefore only assess the thermo-
dynamically favored corrosion state based on local
environmental conditions, and is not able to consider
the corrosion state of neighboring regions of the
rebar.
As presented in Sect. 3.2.3, corrosion typically
occurred at the tension surface of standard rebars (i.e.
steel surface towards tension face of beam). For the
instrumented rebars, however, corrosion occurred on
the side surface in 5 of the 6 beams tested. Figure 5
showed interfacial separations occurred at the tension
side of the standard rebar, but not the instrumented
rebar. Instead only cracks extending from the sides of
the instrumented rebar were observed. The lack of
interfacial separation at the instrumented rebar pro-
vided additional protection against active corrosion,
causing the tendency for corrosion to occur at the side
surface. Therefore, it is concluded that in future
investigations the sensors shall not protrude from the
instrumented rebar, but shall be made flush to the
rebar surface.
4 Conclusions
An instrumented rebar was developed to assess the
aggressivity, with regard to reinforcement corrosion, of
the local environment as a function of the distance from
a transverse crack. Based on the limited preliminary
investigation where cracked reinforced concrete beams
were ponded with a 10% chloride solution the following
conclusions were made:
– Cracks in the concrete surrounding standard nd
instrumented rebars are largely similar in appear-
ance; however, sensors protruding from the
instrumented rebar appeared to reduce the sepa-
ration between the steel and concrete. In future
investigations, it is recommended to place the
sensors flush to the rebar surface to avoid this
affect. Crevice corrosion of the sensors was not
found.
– Ruthenium/iridium mixed metal oxide acti-
vated titanium (MMO-Ti) embedded in concrete
remained stable, indicating MMO-Ti may be used
as an inexpensive reference electrode in concrete.
Care should however be taken if large variations in
pH are anticipated.
– For the investigated conditions, the length along
the instrumented rebar where the local environ-
ment lead to thermodynamic favoring of active
corrosion was significantly larger than the area
where anodes formed on the standard rebars.
Anodic regions on the standard rebar can pro-
tect electronically connected neighboring regions
where the local environmental favors active cor-
rosion. This is not considered by the instrumented
rebar.
– For the investigated conditions, the OCP of the
sensors changes more rapidly with increased crack
width, indicating a more rapid change in thermo-
dynamic state. Corrosion of the standard rebar was
found to occur in all beams. The length of the anode
region did not relate to crack width; however,
corrosion type varied based on crack width for this
investigation. The 0.3 and 0.4 mm crack width
specimens (Beams 1 and 2) exhibited pitting
corrosion while larger crack widths (Beams 3–6
with crack widths of 0.6–1.2 mm) resulted in
corrosion over a relatively larger area.
– Comparison of the cracking behavior and mea-
surements from the instrumented rebar indicates
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that damage along the concrete–reinforcement
interface may be related to an increased risk of
corrosion initiation. While further work is needed
to verify this relationship, interfacial damage is
likely more important (and relevant) to reinforce-
ment corrosion issues than the current practice of
controlling surface crack width.
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Appendix A
Questionnaire and report
This appendix includes a questionnaire, which was sent to numerous experts around the
world, and the resulting report. The questionnaire was intended to collect the input
and opinions of experts to help focus the research project on the most relevant aspects of
concrete cracking and durability issues faced by RC structures. The original questionnaire
and the follow-up report, which was returned to all participants, follow (in the original
formatting).
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Questionnaire  
Effect of Cracks on Durability of Reinforced Concrete Structures 
 
We Need Your Input 
We would appreciate your input and opinions in order to focus our research on the most 
relevant aspects that cracks have on the durability of reinforced concrete structures. 
 
Who Are We 
A joint research project was initiated in August 2005 between the Technical University of 
Denmark (DTU) and Purdue University consisting of the following Ph.D. project: 
 
Title:  Corrosion Behavior in Cracked Reinforced Concrete Structures 
Ph.D. Student: Brad Pease, DTU  
Advisors: Mette Geiker (Lead) and Henrik Stang, DTU and Jason Weiss, Purdue 
University 
Funding:   DTU Ph.D. Scholarship 
 
In addition to the above-mentioned project there are currently several related projects that 
will benefit from your input: 
 
 Non-destructive Electrochemical Methods for Monitoring of Reinforcement 
Corrosion, Peter Vagn Nygaard, FORCE Institute and DTU 
 Management of Reinforcement Corrosion, André Küter, DTU 
 Constitutive Modeling of Cracks in Reinforced Concrete Structures During 
Repeated Loading, Peter Bernth, DTU 
 Using In-situ Monitoring to Predict the Life Cycle Performance of Concrete 
Structures, Farshad Rajabipour, Purdue University 
 Water Transport in Cracked Concrete, Jason Weiss, Purdue University 
 
We hope that the proper focus and cooperation between these projects will lead to a 
significant step forward in the service life modeling and in the improved durability of 
reinforced concrete structures.  
 
To facilitate the use of your opinions please complete the questionnaire and return it by 
November 4, 2005 to: 
 
 Brad Pease, Technical University of Denmark, bjp@byg.dtu.dk, or 
 Mette Geiker, Technical University of Denmark, mge@byg.dtu.dk 
 
Please feel free to forward this questionnaire to any interested third-parties having 
experience in design/maintenance/repair of reinforced concrete structures, corrosion of 
reinforcing steel, or other related fields.   
 
An anonymous summary of the results of this questionnaire will be completed by 
December 31, 2005 and will be distributed to those who completed the questionnaire. 
 
Thank you for your participation and insight on the complex issues of concrete cracking 
and durability. 
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General Information 
Name:       
Email:       
Position Description (Check all that apply): 
Owner  
Designer  
Construction Contractor  
Inspection and Assessment  
Repair  
Other (Please Specify):       
Years Experience:       
Company:       
Country:       
 
When and how often, in your experience, do inspections for cracks in reinforced concrete 
structures take place? 
During Construction and Handover  
Regularly in Connection with 
Maintenance  
Only Once Problems Arise  
Never  
Other (Please Specify):        
 
Questionnaire 
 
In the questions 1 and 2 please rate the importance of the choices from 1, being of the 
least importance to 5, being of the most importance. 
 
1.  Rate the importance of the following factors affecting the durability of reinforced 
concrete structures exposed to harsh environments (i.e. marine environments and deicing 
salts). 
 1  2  3  4  5 
a) Quality of Concrete Cover      
b) Location of Reinforcing Steel      
c) Cracking of Concrete       
d) Chloride Loading      
e) Other (Please Specify):           
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2.  Rate the importance of the following factors on the durability of cracked concrete  
 
 
3.  A table with several applications of reinforced concrete is shown below.  It is assumed 
that the concrete contains cracks of two depths.  The first crack considered has reached 
the depth of the reinforcing steel (i.e. crack depth/cover ≥ 1.0).  The second crack has 
only reach half the depth of the reinforcing steel (i.e., crack depth/cover = 0.5).  Two 
separate tables are provided, one for transverse cracks (considered perpendicular to rebar) 
and longitudinal cracks (considered parallel to rebar).  For each structural application, 
crack orientation, and crack depth please indicate a crack width that would be of concern 
as related to the durability of the given structure. 
 
Transverse Cracking (Perpendicular to rebar) 
Crack Width (mm) Structural Application Depth/Cover ≥ 1.0 Depth/Cover = 0.5 
Submerged Marine Structure             
Marine Structure in Splash Zone             
Bridge Deck             
Beam in Building             
 
Longitudinal Cracking (Parallel to rebar) 
Crack Width (mm) Structural Application Depth/Cover ≥ 1.0 Depth/Cover = 0.5 
Submerged Marine Structure             
Marine Structure in Splash Zone             
Bridge Deck             
Beam in Building             
 
 1  2  3  4  5
a) Harsh environments (i.e. splash zones of 
marine structures, or roadways)  
        
b) Maximum crack width         
c) Crack Orientation          
 c1) Parallel to rebar         
 c2) Perpendicular to rebar         
d) Crack type, indicating the morphology           
 d1) Plastic cracking         
 d2) Shrinkage cracking         
 d3) Load induced cracking         
 d4) Other (Please Specify):               
e) Other (Please specify):               
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4.  Are you familiar with Service Life Models and their application towards estimating 
service life of reinforced concrete structures ( Yes/ No)?  If No then skip to Question 6, 
if Yes please continue.  In the following chart please indicate the applications you have 
used for various Service Life Model’s, and please indicate the accuracy of service life 
predictions of each model in percentage based on past experience (if unknown for 
Service Life Model’s you have used please type NA). 
 
 
 
  Service 
Life Model 
Title 
Comparison of 
Mixtures and 
Cover 
Evaluation of Service 
Life of Existing 
Structures 
Design of 
New 
Structures 
Accuracy 
(%) 
Duracrete          
Hetek          
Life-365          
Stadium          
Others:     
               
               
 
 
 
 
 
 
 
5.  Based on your experience with Service Life Model’s, please rank which 
improvements are most needed to improve service life estimations provided by current 
Service Life Model’s for reinforced concrete structures (1 being least important, 5 being 
most important). 
 1  2  3  4  5
a) Improved environmental condition information (i.e. 
regional temperature data)  
     
b) Improved material parameters       
c) Treating concrete as a heterogeneous material        
d) Including effect of cracks on life cycle estimation       
e) Considering the moisture state of concrete (i.e. 
saturated, dry, cyclic wet and dry)  
     
f) Other (Please specify):             
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6.  Describe your opinion of what research work is most needed and which issues should 
be addressed to improve our knowledge on and control of the effect of cracks on 
durability of reinforced concrete structures. 
      
 
 
 
 
 
 
 
 
 
 
7.  What, in your opinion, is the most relevant direction research in service life modeling 
should proceed in the future? 
      
 
 
 
 
 
 
 
 
 
 
 
 
Other Comments:       
 
 
 
 
 
 
 
 
 
 
 
 
Once again thank you for your contribution. 
 
Please email completed forms to Brad Pease at bjp@byg.dtu.dk or Mette Geiker at 
mge@byg.dtu.dk before November 4, 2005. 
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Report:  Results of Questionnaire on the Effect of Cracks on Durability of 
Reinforced Concrete Structures 
 
Brad Pease, Mette Geiker, Jason Weiss, and Henrik Stang 
 
1. Introduction 
 
This short report presents the results of a questionnaire entitled “Effect of Cracks on 
Durability of Reinforced Concrete Structures,” which was sent to specialists involved in 
concrete durability throughout Europe and North America.  The purpose of the 
questionnaire was to assist in the focusing of research on the durability, monitoring, and 
service life modeling of reinforced concrete structures.  The results of the questionnaire 
were used to shape the Ph.D. study entitled “Transport and Corrosion Initiation in 
Cracked Reinforced Concrete,” being performed at the Technical University of Denmark 
by Brad Pease.  Additionally, the results will be utilized by other researchers at the 
Technical University of Denmark and Purdue University involved in the following 
projects: 
 
 Non-destructive Electrochemical Methods for Monitoring of Reinforcement 
Corrosion, Peter Vagn Nygaard, FORCE Institute and DTU 
 Management of Reinforcement Corrosion, André Küter, DTU 
 Using In-situ Monitoring to Predict the Life Cycle Performance of Concrete 
Structures, Farshad Rajabipour, Purdue University 
 Water Transport in Cracked Concrete, Jason Weiss, Purdue University 
 
2. Demographics of Respondents  
 
A total of 15 responses have been received from participants in Denmark, The United 
States of America, Germany, The Netherlands, and Canada with a range of 10 to 40 years 
experience.  A total of eleven responses came from European nations and four from 
North America.  Respondents’ position descriptions included owners, designers, 
researchers, inspectors, repair contractors, materials engineers, producers, and 
consultants.  Those surveyed had approximately 24 years of experience on average and 
came from a wide range of job descriptions and geographic locations, providing 
information from varying perspectives and leading to a more accurate view of the 
concrete society’s opinions on current needs in research. 
 
3. Results of Questionnaire 
 
In this section the responses to the individual questions are presented as an average reply 
of all respondents.  Additionally, the average response from North America and Europe 
has been provided to assess any trends based on geographic location.  In this section, the 
questions are given followed by the response. 
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General / Question 0: 
When and how often, in your experience, do inspections for cracks in reinforced 
concrete structures take place? 
 
The results for this question can be seen below in the Table 1.  The case of never 
inspecting for cracks was not indicated by any participant (i.e. 0%). 
 
Table 1:  Frequency of Crack Inspection 
During Construction 
Regularly with 
Maintenance Once Problems Arise 
Overall 
North 
America Europe Overall
North 
America Europe Overall
North 
America Europe
73% 75% 73% 60% 75% 45% 33% 0% 45% 
 
Question 1 and 2 within the Questionnaire section required the participant to rate the 
importance of various factors, where a 1 would be of little importance and 5 would be of 
great importance.   
 
Question 1: 
Rate the importance of the following factors affecting the durability of reinforced 
concrete structures exposed to harsh environments.  
 
Table 2 shows the average rating for question 1 including the overall, European, and 
North American outlook.  Additional factors were suggested (and ranked) by individuals 
including moisture (5), type of structure (4), drying and wetting cycles (5), availability of 
moisture and oxygen (5), and exposure conditions (5). 
 
Table 2:  Ranking of Factors Effecting Durability of Reinforced Concrete Structures  
  Overall North America Europe 
Quality of Concrete 4.5 4.3 4.6 
Location of Reinforcing Steel 4.2 4.3 4.1 
Cracking of Concrete 3.6 4.0 3.4 
Chloride Loading 3.4 2.8 3.8 
 
Question 2: 
Rate the importance of the following factors on the durability of cracked concrete. 
 
Table 3 provides the overall, European, and North American rankings for question 2.  An 
additional crack type was suggested to be chloride induced cracking and was assigned a 
rank of 3 out of 5.  Other suggested factors on the durability of cracked concrete were the 
type of loading, location and depth of cracks, cover depth, water-to-cement ratio, and 
reinforcement type. 
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Table 3:  Ranking of Factors Effecting Durability of Cracked, Reinforced Concrete 
 Overall North America Europe 
Harsh Environments 4.5 4.8 4.4 
Maximum Crack Width 4.0 3.8 4.0 
Crack Orientation       
Longitudinal 3.8 3.3 4.1 
Transverse 3.1 2.8 3.3 
Crack Type       
Plastic Cracking 3.6 2.7 4.0 
Shrinkage Cracking 3.7 3.0 4.0 
Load Induced Cracking 3.6 3.3 3.7 
 
Question 3: 
For each structural application, crack orientation, and crack depth please indicate a 
crack width that would be of concern as related to the durability of the given structure. 
 
Question 3 was a survey of crack widths concerning the durability of reinforced concrete 
structures.  Various structural applications including marine structures in the submerged 
and splash zones, bridge decks, and a beam in a building were listed along with varying 
crack depth to cover ratios.  The ranges of values given for crack widths are shown in 
Table 4.   
 
Table 4:  Results of Question 3 for (a) Transverse Cracking (Perpendicular to rebar) and 
(b) Longitudinal Cracking (Parallel to rebar) 
(a) 
Crack Width (mm) 
Structural Application Depth/Cover ≥ 1.0 Depth/Cover = 0.5 
Submerged Marine Structure 0.2 - 0.5 0.3 - 1.0 
Marine Structure in Splash Zone 0.1 - 0.3 0.1 - 0.5 
Bridge Deck 0.15 - 0.3 0.15 - 0.3 
Beam in Building 0.15 - 0.5 0.15 - 0.5 
 
(b) 
Crack Width (mm) 
Structural Application Depth/Cover ≥ 1.0 Depth/Cover = 0.5 
Submerged Marine Structure 0.1 - 0.5 0.2 - 1.0 
Marine Structure in Splash Zone 0.0 - 0.2 0.1 - 0.5 
Bridge Deck 0.0 - 0.2 0.0 - 0.5 
Beam in Building 0.1 - 0.5 0.2 - 0.5 
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Question 4: 
Are you familiar with service life models and if so indicate the applications you have 
used various models for. 
 
Of the 15 responses, 12 had experience with service life models.  Duracrete, Life-365, 
HETEK, Stadium, and an in-house program were reported upon.  Service life models 
have been used to compare and evaluate various mixtures and as a design tool, however 
on average these models were rated to be accurate only 45% of the time.  It should be 
noted that several respondents indicated that too little information is available to assess 
the accuracy of these models currently. 
 
Question 5: 
Based on your experience with service life models, please rank which improvements 
are most needed to improve service life estimations provided by current service life 
models for reinforced concrete structures. 
 
Table 5 provides the results on what is perceived as the most needed improvements to 
current service life models.  Additional improvements suggested by participants included 
considerations of traffic loading, other factors affecting durability (i.e. alkali-silica 
reaction, sulfate attack, and freeze-thaw), and other variables such as workmanship and 
as-built material properties. 
 
Table 5:  Ranking of Possible Improvements to Current Life Cycle Models 
 Overall North America Europe
Improved Environmental Condition 
Information 3.3 3.0 3.4 
Improved Material Parameters 3.8 3.3 4.0 
Treating Concrete as a Heterogeneous 
Material 2.3 2.5 2.3 
Including Effect of Cracks on Life Cycle 
Estimation 4.3 4.7 4.1 
Considering Moisture State of Concrete 4.0 3.7 4.1 
 
4. Summary 
 
Through a questionnaire on the effect of cracking on durability of reinforced concrete 
structures, the general opinions of professionals involved in design, execution, and 
operation has been examined.  Based upon the results of the survey the following 
conclusions have been made. 
 Longitudinal cracks were viewed as slightly more detrimental to the durability of 
reinforced concrete when compared to transverse cracks.  Longitudinal cracks 
were ranked 3.8, compared to transverse cracks which were ranked 3.0. 
 The varying causes of the cracking were considered to be less influential on the 
durability of concrete. 
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 Control of longitudinal crack width was considered more important than 
transverse crack width.  The occurrence of any cracking, longitudinal to the 
reinforcement, caused concern; however, a less strict minimum crack width of 0.1 
mm caused concern for transverse cracking. 
 General opinion concluded that including the effect of cracking on durability of 
reinforced concrete structures is the most needed improvement to current service 
life models. 
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Appendix B
Constituent materials
This appendix provides extensive information on the constituent materials used in the
concrete mixtures described in Table 2.1 and shown in Figure B.1. Portions of this
information was prepared in [Nygaard , 2008].
Cement
“Aalborg White c©” portland cement type CEM I 52.5 R from Aalborg Portland in Den-
mark was used. All concrete mixtures were made with cement from the same batch
(TUN no. 8919599). Table B.1 shows the results of an analysis of a sample of the cement
performed at Aalborg portland.
Aggregates
Table B.2 shows the test methods used to determine the essential material properties for
the aggregates used in this investigation. Table B.3 provides the results of these tests.
The fine aggregate used was a Class E sea-sand (in accordance with [DS-2426 , 2004])
from RN Sten og Grus in Denmark. The fine aggregate size varied between 0–4 mm and
was graded as shown in Figure B.2. The coarse aggregate used was a Class A sea-gravel
(in accordance with [DS-2426 , 2004] from RN Sten og Grus in Denmark. The coarse
aggregate size varied from 4–8 mm and was graded as shown in Figure B.2.
Commercially available packing software (4C-Packing) was used to determine the opti-
mum combination of the coarse and fine aggregates. The result of the packing calculation
is shown in Figure B.3. The optimum ratio of fine to coarse aggregate, 43% fine to 57%
coarse aggregate, is indicated in the figure by the broken line. Additional information on
the development of this concrete mixture can be found in the literature [Nygaard , 2008].
Water
Ordinary tap water was used during the mixing process. No analysis of the water was
conducted.
B-1
Figure B.1 Constituent materials for mixtures 1 and 2. (Author’s photos)
Table B.1 Test Results from Cement Composition Testing
Property Value
mass%
Oxides: SiO2 24.39
Al2O3 2.06
Fe2O3 0.34
CaO 68.42
MgO 0.59
SO3 2.09
Loss on Ignition 0.71
Cl− 0.009
Alkalies: K2O 0.022
Na2O 0.176
Eqv. Na2O 0.191
Table B.2 Physical Property Test Methods Used for Fine and Course Aggregates
Property Method
Absorption and Density DS/EN 1097-6
Grading DS/EN 933-1
Eigen Packing APM 506
B-2
Table B.3 Essential properties for the aggregates used in the concrete.
Fine Coarse
Properties of aggregates aggregate aggregate
0-4 mm 4-8 mm
Sieve analysis Sieve size [mm] Percentage passing
31.5 100 100 % - mass
16 100 100 % - mass
8 100 100 % - mass
4 98.4 4.4 % - mass
2 88.0 0.4 % - mass
1 71.9 0.2 % - mass
0.5 49.5 0.2 % - mass
0.25 19.8 0.2 % - mass
0.125 1.8 0.2 % - mass
0.075 0.4 0.2 % - mass
Density, saturated surface dry 2643 2623 kg/m3
Absorption 0.36 1.0 % - mass
Eigen-packing 0.70 0.62 -
Cl− content 0.012 0.007 % - mass
Equivalent Na2O 0.011 0.006 % - mass
Figure B.2 Coarse and Fine Aggregate Gradation Curve
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Figure B.3 Results of 4C-Packing Theoretical Packing Calculation
Fiber
The fiber used for this investigation was a Densit steel fiber with a tensile strength of
1300 MPa. The fiber was smooth, straight and round steel fiber with 0.4 mm diameter
and 12.5 mm length. Figure B.4 shows the fibers used.
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Figure B.4 Steel fiber used for Mixture 2. (Author’s photos)
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Appendix C
Practical guide - 2M and 4M Aramis
photogrammetry systems
Scope
This appendix provides a practical user manual for the use of the Aramis three dimensional
photogrammetry equipment (both 2M and 4M equipment). A description of placing and
calibrating the digital cameras and collecting data is presented, which applies for all
possible uses of the Aramis equipment. The data analysis section explicitly describes how
to measure crack mouth openings using the collected data, and therefore applies to the
investigation of cracking in materials such as concrete or other composites. For further
details the reader should consult the references.
Field of application
Aramis is photogrammetry equipment, which is useful to measure deformations in various
materials. The system can be used for either two or three dimensional photogrammetry
depending upon the number of cameras used. The system captures images during testing
and then computes the deformation of the measuring surface using a post-processing
technique. The equipment can be utilized to measure, among others, crack widths, local
and global deformations, and strain.
References
1. GOM Optical Measuring Techniques. Aramis v5.4 User Manual. GOM mbH, 2005
(www.gom.com)
Definitions
CCD (Charged-Coupled Device) - A semiconductor technology used to build light-sensitive
electronic devices such as cameras and image scanners. Such devices may detect either
color or black-and-white. Each CCD chip consists of an array of light-sensitive photocells.
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Figure C.1 Samples with spatter pattern applied. (Author’s photos)
The photocell is sensitized by giving it an electrical charge prior to exposure.
Facet - An individual grid section of the computational mask applied by Aramis to the
image of the specimen surface.
Test method
Specimen preparation
In order to facilitate measurements with Aramis adequate contrast in the grayscale of the
specimen surface is required. This is most easily achieved using black and white spray
paint to apply a random spatter pattern. Fig. C.1 shows two examples of adequately
varying grayscales for measurement.
The spatter marks applied should be of adequately small size such that multiple grayscales
are contained within each facet of the computational mask. The spatter marks should be
between 1/3 and 1/2 the size of a facet to track deformations in the specimen surface. A
rule of thumb is that the spatter size should be approximately the measurement length
divided by 200.
Aramis setup
Camera setup
Fig. C.2 shows the necessary hardware for measurements, two CCD digital cameras on
an aluminum mounting bracket and a solid tripod. After affixing the camera assembly to
the tripod the cameras must be placed at approximately the proper measuring distance,
base distance, and camera angle as specified in [Aramis , 2005] in Section 3.2.1 (2M) or
3.2.2 (4M) or in Tables C.1 or C.2.
Next, the cameras must be connected to the computer. The exact procedure for the 2M
and 4M machines varies slightly, however it is important to match the labels on the ’Right’
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Figure C.2 Tripod mount with affixed cameras. (Author’s photos)
Figure C.3 Placing cameras at proper base distance. (Author’s photos)
and ’Left’ camera with the proper cables. Next, place a beam level on top of the cameras
as shown in Fig. C.4 and adjust until the air bubble indicates the cameras are on a level
plane.
The following tables provide the configurations for the cameras with the lenses currently
available at the department for the 2M (Table C.1) and 4M (Table C.2) systems. There
are additional configurations for other lenses shown in [Aramis , 2005].
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Figure C.4 Insuring cameras are on level plane. (Author’s photos)
Table C.1 Camera configuration for Aramis 2M
Focal Length Measuring Volume Calibration Base Min. Length of Measuring Camera
of Lenses (L x W x H) Object Camera Support Distance Angle
200 x 160 x 160 mm3 Panel 560 mm 800 mm 1300 mm
175 x 140 x 140 mm3 Panel 530 mm 800 mm 1210 mm
135 x 108 x 108 mm3 Panel 400 mm 600 mm 960 mm
50 mm 100 x 80 x 80 mm3 Panel 300 mm 500 mm 700 mm
Macro 65 x 52 x 52 mm3 Panel 240 mm 500 mm 510 mm
25◦
50 x 40 x 40 mm3 Panel 180 mm 500 mm 430 mm
Aperture 16 35 x 28 x 28 mm3 Panel 130 mm 500 mm 305 mm
25 x 20 x 14 mm3 Panel 110 mm 500 mm 240 mm
15 x 12 x 8 mm3 Panel 110 mm 500 mm 200 mm 30◦
10 x 8 x 4 mm3 Panel 110 mm 500 mm 180 mm 35◦
1700 x 1360 x 1000 mm3 Cross 800 mm 1000 mm 1700 mm
1200 x 960 x 700 mm3 Cross 600 mm 800 mm 1200 mm
8 mm 800 x 640 x 500 mm3 Cross 400 mm 600 mm 800 mm
550 x 440 x 400 mm3 Cross 280 mm 500 mm 570 mm
25◦
Aperture 11 350 x 280 x 280 mm3 Panel 190 mm 500 mm 400 mm
250 x 200 x 200 mm3 Panel 140 mm 500 mm 290 mm
200 x 160 x 120 mm3 Panel 110 mm 500 mm 235 mm 28◦
Lighting
Adequate lighting must be provided to insure reliable measurements from the Aramis
system. Many lighting option exist, although, based on the author’s experience fluorescent
tube lights are optimal. This type of light can remain on for long periods of time without
creating excessive heat. Warning: Lights which do generate excessive heat (fx. halogen
lights) may cause expansion of the aluminum mounting bracket and possibly damage to
the cameras if placed near the cameras!
Creating a project in Aramis (software setup)
After starting up the Aramis computer a login screen will appear. Note: There are power
switches located on front and back on the computer, both of which need to be turned on.
The password for both systems is demo. Fig. C.5 shows the screen as it should appear
after logging in. Note: The operating system used on the Aramis computers is Linux,
which is very similar in functionality to Windows. One key difference however is that
when using an external hard drive it must be formatted as FAT32, not the standard NTFS
format used on PC’s. Once the external drive is properly formatted it will operate on both
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Table C.2 Camera configuration for Aramis 4M
Focal Length Measuring Volume Calibration Base Min. Length of Measuring Camera
of Lenses (L x W x H) Object Camera Support Distance Angle
1700 x 1700 x 1700 mm3 Cross 980 mm 1200 mm 2200 mm
1200 x 1200 x 1200 mm3 Cross 730 mm 1000 mm 1700 mm
800 x 800 x 800 mm3 Cross 470 mm 600 mm 1100 mm
550 x 550 x 550 mm3 Cross 370 mm 500 mm 850 mm
Titanar 350 x 350 x 350 mm3 Panel 240 mm 500 mm 550 mm
20mm 250 x 250 x 250 mm3 Panel 190 mm 400 mm 410 mm
25◦
200 x 200 x 200 mm3 Panel 160 mm 400 mm 330 mm
175 x 175 x 175 mm3 Panel 150 mm 400 mm 310 mm
135 x 135 x 135 mm3 Panel 120 mm 400 mm 250 mm
100 x 100 x 80 mm3 Panel 100 mm 400 mm 200 mm
65 x 65 x 52 mm3 Panel 110 mm 400 mm 150 mm 35◦
1700 x 1700 x 1700 mm3 Cross 2400 mm Special Version 5650 mm
1200 x 1200 x 1200 mm3 Cross 1590 mm Special Version 3750 mm
800 x 800 x 800 mm3 Cross 1160 mm Special Version 2690 mm
550 x 550 x 550 mm3 Cross 860 mm 1000 mm 2000 mm
50 mm 350 x 350 x 350 mm3 Panel 560 mm 800 mm 1310 mm
Macro 250 x 250 x 250 mm3 Panel 380 mm 600 mm 960 mm
200 x 200 x 200 mm3 Panel 350 mm 500 mm 775 mm
25◦
Aperture 175 x 175 x 160 mm3 Panel 325 mm 500 mm 660 mm
2.8 – 16 135 x 135 x 130 mm3 Panel 255 mm 400 mm 535 mm
100 x 100 x 100 mm3 Panel 210 mm 400 mm 340 mm
65 x 65 x 50 mm3 Panel 155 mm 400 mm 325 mm
35 x 35 x 12 mm3 Panel 100 mm 400 mm 220 mm
25 x 25 x 5 mm3 Panel 100 mm 400 mm 195 mm 27◦
Figure C.5 Startup screen.
Windows and Linux machines.
To start a new project in Aramis, first open the software by single clicking on the icon
in the desktop or in the quick-start menu. Proceed by clicking on File ⇒ New Project
and the New Project dialogue box will open as seen in Fig. C.6a. Create a filename and
path for the project and click Next. The following two dialogue boxes, shown in Fig.
C.6b and c, allow the user to adjust specific parameters. Typically, the default settings
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are sufficient (additional information on these settings can be found in [Aramis , 2005]).
Input a unique Label Name in the final dialogue box (Fig. C.6d) and click Finish.
Figure C.6 Starting a project in Aramis.
Focusing cameras
The cameras must always be focused prior to calibration and collecting data. To focus
the cameras first click on the Start/Stop Measurement icon (see Fig. C.7), which displays
the live images from both cameras. Open the apertures on the cameras by loosening the
locking screw and rotate the adjusting ring to the smallest number. Two options exist to
easily focus the cameras:
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• Place an object with text (i.e. business or credit card) at the proper distance away
from the camera, or
• Using a calibration object, change the view to Overexposed and increase the shutter
time such that the white points on the calibration item are overexposed.
Adjust the focus of each camera until the either the text is clear, or until the white objects
are completely overexposed. To insure the best possible focus it is recommended to zoom
in on the image from each camera while adjusting the focus. To do this rotate the scroll
wheel on the mouse while the pointer is inside the image viewport. Tighten the locking
screws to lock the focus and do not adjust during testing.
Figure C.7 Aramis icon guide.
Calibration
Prior to performing tests using Aramis, the sensors (cameras) must be calibrated. This
is achieved by clicking on the Calibration icon (Fig. C.7), which opens the series of win-
dows shown in Fig. C.8. First the correct Calibration object must be selected based upon
the measuring volume (Fig. C.8a). See Appendix III or Section 3.2.1 or 3.2.2 of [Aramis ,
2005] for details on selection of calibration objects. As shown in Fig. C.8b the focal length
for the lenses and ambient temperature are input next. The focal length of the camera
lenses can be found printed on the lenses. Finally, an overview of the calibration settings
appears (Fig. C.8c) as a check, click Finish.
Fig. C.9 shows the next screen that appears after inputting the calibration parameters.
During the next steps the lighting used for testing must be on. Adjust the shutter time
such that the white points of the calibration object are not overexposed. Follow the on-
screen instructions, changing the orientation of the calibration object, and click the snap
button or use the external trigger option with trigger plugged into the Sensor plug-in (see
Fig. C.14). If points on the calibration object are not recognized click undo and try again.
Further adjustments to the shutter time may be necessary during the calibration for all
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Figure C.8 Calibration parameters dialogue boxes.
points to be recognized. After the final calibration image has been captured click Compute
and the Calibration Result will appear as seen in Fig. C.10. The Calibration Deviation
should be less than 0.04 pixels. Note: The positioning of the calibration panel during the
calibration is important only for the first step. Subsequent steps in the calibration are less
important and do not need to be precise. For calibration with a panel it is important that
all five large dots and at least 30 small dots are detected.
Data collection and processing
Before capturing images during an actual test it is advisable to check that the specimen
surface is computable. The following section discusses a procedure to do this.
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Figure C.9 Calibrating cameras with calibration object.
Figure C.10 Final calibration information.
Checking computability of the specimen surface
In order to check that the specimen surface will be computed in Aramis click the Start/Stop
Measurement icon (see Fig. C.7).Set the mode to Simple, deactivate the Use timer option,
and click the camera icon at the bottom of the screen to collect a single stage (See Fig.
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Figure C.11 Capturing an image to check computability of specimen surface.
C.11). As shown in Fig. C.11 the captured images from each camera will be shown above
the corresponding live images.
Now, to check if the specimen surface is computable click again on the Start/Stop mea-
surement icon followed by the Define Mask icon (See Fig. C.7). As can be seen in Fig.
C.12 the Define Mask window will appear. Click the Mask Area icon and, in the left
image viewport, define the mask area by left-clicking at the desired locations. When the
mask has been defined right-click to mask the selected area. Next, click the Invert Mask
icon followed by OK.
Next, a start point is added by first clicking on the Add Start Point icon (See Fig. C.7),
which opens the Add Start Point window as shown in Fig. C.13. Pick a point in the Left
Image viewport by holding down the ’Control’ key and left-clicking with the mouse. The
same point should be automatically recognized in the Right Image by Aramis; however,
occasionally an incorrect point is selected. In this case the user may override the selection
by holding the Control key and left-clicking in the Right Image near the correct point.
Once the correct start point is selected in the Right Image click Create and close the Add
Start Point window.
Next, click on the Compute icon (see Fig. C.7), which will compute the project and auto-
matically change modes from the Project Mode to the Evaluation Mode. The computed
area of the specimen surface will be shown in the top portion of screen in the Evaluation
Mode as shown in Fig. C.16. If excessive holes appear in the computed area there is ei-
ther not adequate contrast in grayscales on the specimen surface or the size of the spatter
pattern applied is inappropriate. After altering the spatter pattern the previous proce-
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Figure C.12 Defining a computational mask.
dure should be repeated. Note: Some materials may contain voids (i.e. a cut surface of
concrete) that will typically not be computed as a void, when viewed from two angles, will
not appear alike. After checking that the specimen surface is computable by Aramis click
on the Project Mode icon (see Fig. C.7), delete the stage by right clicking over the stage
name and clicking on delete, and proceed with the data collection process.
Collecting data
The data collection process is very similar to the procedure for checking the computabil-
ity of the specimen surface. Click the Start/Stop Measurement icon to again see the live
images from the cameras (Fig. C.11). Several Mode options exist for data collection, with
the two most commonly used being ’Simple’ and ’Simple with Triggerbox,’ that latter
of which allows for collection of external signals from, for example, load cells. Fig. C.14
shows the triggerbox for external signal sources, which is located on the back of the Aramis
computer case. Standard co-axial cables can be placed in channels ’A in 0’ or ’A in 1’
if desired. Additional modes include External Trigger, External Trigger with Triggerbox,
Fast Measurement, Triggerlist, and Slave Mode. The Fast Measurement mode allows for
collection of images up to 12 times a second for the 2M system or 7 times a second for
the 4M system.
When using the Simple or Simple with Triggerbox modes check the Use Timer box and
set the required number of Images and Delay and finally click the camera icon to start
capturing images. If the set number of Images are not needed hit the Escape key and
click OK of the dialogue box to stop the image capturing process.
After capturing images two options exist to compute the project. A computational mask
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Figure C.13 Adding a start point.
can be defined as described in Section C, or the computed area can be restrained by chang-
ing the project parameters. To change the project parameters click Project ⇒ Project
Parameter. As seen in Fig. C.15 a dialogue box will appear to set the project area. Click
to deselect the Use Complete Image, change to the Quadrangle Mode, and define the area
to be computed by left clicking on the bottom-left and top-right corners. After defining
these points the other corners can be adjusted. Currently, only 4-sided objects can be
used. Note: If possible, it is always better to restrain the computed area as it will limit
the area containing facets. This results in faster computation times and smaller files after
computation.
Next, a start point must be added as described before in section C. When multiple stages
exist the procedure for adding a start point varies slightly. After picking a point in the
Left Image viewport, check the Automatic box and click next. After a few moments, once
the computer has located the start point in all stages click Create. Note: If the specimen
cracked during testing be sure to pick a start point away from the cracking zone as the
appearance of the chosen starting point may change drastically during the testing. In
addition, if the specimen has cracked across the entire measuring area it may be necessary
to define multiple starting points in order to compute strains and deformations in the
disconnected portions of the sample. Again, after adding a start point click the Compute
icon.
Data analysis
The data analysis sections are aimed towards cracking in concrete, however some of the
techniques discussed may be useful for other materials. Additional information on ana-
lyzing data with the Aramis software can be found in the literature [Aramis , 2005].
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Figure C.14 Channels for input of external signal sources. (Author’s photos)
The analysis of data takes place in the Evaluation Mode screen (see Fig. C.16). The top
portion of the Evaluation Mode screen shows the three dimensional ’strain’ calculated by
Aramis. The bottom portions of the screen show the left and right camera images. The
strain can be overlayed on these images by right clicking and choosing Strain from the
Visualization menu. These images are useful for videos which highlight the location of the
crack. In addition, the right camera image viewport shows reports, which can be created
and exported by the user.
Due to the cracking of the concrete the facets overlapping the crack become erroneous
(the facets are measuring strain at a crack, which by definition would be strain free)
and cannot technically be used. Therefore, additional facets can be added, either in the
Project Mode or Evaluation Mode. In both cases, the following procedure is used. Click
on Stage ⇒ Additional Points ⇒ Facet Point. As seen in Fig. C.17 a dialogue box will
open. In the dialogue box specify Reverse Order, Simple Mode, Image Point Selection,
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Figure C.15 Changing the project parameters to reduce calculation time and space.
Figure C.16 Evaluation mode screen.
and then hold the Control key and left click to display an adjustable facet. The four
corners of the facet as well as the crosshairs, which specify the calculated point, can be
adjusted. Place the crosshairs near the crack, as shown in Fig. C.17. Right click on the
new facet to lock the location. Check the Automatic box and then click Next and Aramis
will determine the location of the new facet in reserve order (i.e. from last stage to first
stage); after several moments click Create to add the new facet. More than one of these
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additional facets could be added, for instance one each on opposite sides of a crack, and
the crack width can then be accurately measured using the Point-Point Distance analysis
option described in the following paragraph.
Figure C.17 Adding individual facets.
The distance, or change in distance between any two points can be computed by Aramis
using the Point-Point Distance function. To add a Point-Point Distance measurement,
first click Analysis ⇒ Point-Point Distance. As shown in Fig. C.18 a dialogue box will
appear. Pick the two desired points by holding the Control key and clicking in the left
camera image or the three dimensional result portion. Additionally, if new facets were
added these facet can be selected directly in the Point 1 or Point 2 drop-down menus.
The change in distance between the points can be plotted in a statistical report and the
data exported for use in Excel, Matlab, etc.
To plot data from Point-Point Measurements in Aramis click on the Statistics report tab
in the right camera image/report viewport (see Fig. C.16). Double click on the graph to
open the Edit Element menu, and click the Data tab (see Fig. C.19). Choose the Line
needed from the Measurements section and pick the required measurement(s), click OK.
Next, to export the data, right-click on the Statistics report in the Report list (see Fig.
C.19) and click Export Diagram Data. The data will be exported as a .txt file which can
be opened in Excel as a space delimited file.
The Aramis equipment is capable of many other analysis options. Please refer to [Aramis ,
2005] for additional details.
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Figure C.18 Measuring the change in distance between two points.
Figure C.19 Creating and exporting data from graphs in Aramis.
C-16
Appendix D
Practical guide - GNI X-Ray system
at DTU
Scope
This appendix provides a practical guide for the operation and use of the GNI X-Ray
system at the Department of Civil Engineering at the Technical University of Denmark
(DTU Byg). This document is meant as a companion to the GNI X-Ray (CT) System
User Manual. The system manual must be read prior to use of the system as additional
necessary information and warnings are provided there. This practical guide provides
descriptions and suggestions based on the author’s experience, which may be useful to
future inexperienced users. Description of basic operations include procedural details of
the XRAS software, advanced operations include the calibration process of the X-ray
camera, and an introduction to the use of ImageJ for analysis of X-ray images are found
in this guide. The theory and details of the various components of the X-ray system are
not detailed in this manual. For further details and information the reader should consult
the references.
Field of application
The GNI X-ray System at DTU consists of an X-ray tube and an X-ray camera integrated
into an X,Y,Z programmable axes system, which is all housed in an temperature controlled
X-ray shielding chamber. This system is used for measuring the X-ray absorption (or at-
tenuation) of materials. The system lends itself to the monitoring of moisture movements
in porous materials due to the change in density (which effects X-ray absorption) with
changing moisture conditions.
References
1. Gorm Groot Nielsen et al., X-Ray (CT) System - Purdue User Manual, (www.gni.dk)
2. ImageJ - Image Processing and Analysis in Java, (http://rsbweb.nih.gov/ij/)
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Definitions
X-Ray Camera (referred to as camera throughout) – A device for detecting the presence
and location of X-ray photons, which consists of NaI crystals, which emit visible light
when impacted by an X-ray photon; and a 252x256 pixel photomultiplier, which records
the number of light events at each pixel over a set period of time.
Integration time – The period of time the X-ray camera records the number of light events.
Dark current – The image recorded by an X-ray camera while no X-rays are being pro-
duced by the X-ray tube.
Basic operation
The following sections provide instruction on the procedures for basic operation of the
GNI X-Ray System at DTU, including the startup and shutdown process and use of the
controlling XRAS software package. The individual systems, including the X-ray source
and camera and the moveable frame are shown in Figure D.1. Notes and Warnings are
included throughout based upon the authors experience with the system.
Figure D.1 The X-ray system consists of an X-ray source and an X-ray camera, housed
in a moveable frame. (Author’s photos)
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Startup and shutdown procedure
Warning: Any use of the X-Ray System must first be approved by the re-
sponsible party (currently Kurt Kielsgaard Hansen). Failure to procure the
proper allowance to use the system will likely result in lack of future access
to the equipment.
Upon being granted access and approval of use of the X-ray System, a key will be provided
to the user. Figure D.2 depicts the main control panel. This key is used to startup the
system through the following procedure.
1. Place the key in the ‘Nøgle til maskine’ locking switch and turn to the on position.
2. Turn the large grey switch labeled ‘Hovedafbryder’ to the on position.
3. Press the ‘Start’ button.
4. Turn on the controlling computer.
5. Press the ‘Aktivering af sikkerhedssytem’ button upon startup and after opening of
the door to reset the security system.
The large red buttons located on the control panel and on the outside and inside of the
X-ray chamber are emergency shut-offs that remove power going to all systems (including
the computer). For basic operations, the XRAS icon should be double-clicked to initialize
all the systems as outlined below (Section D). For advanced operations, such as calibra-
tion of the X-ray camera, details on these procedures are provided in Section D.
After completing use of the X-Ray System, shutting down the system should follow this
procedure.
1. Return the axes to the zero (0) positions. This will speed up the initialization
process for the following user (further details on controlling the axes movements is
located in the following section).
Figure D.2 X-ray system control panel. (Author’s photos)
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Figure D.3 XRAS software window showing the status of all systems.
2. Close the XRAS software.
3. Shutdown the computer.
4. Turn the large grey switch followed by the locking switch to the off positions.
5. The key must be removed from the control panel and replaced to the specified
storage location.
Note: The user must leave the key in the storage location, failure to do so may result in
the need for a special trip to the university to return said key and possible other actions.
XRAS software
The XRAS software controls all the systems used in the X-ray system during measure-
ments, including the motor (which controls the X,Y,Z movements), X-ray tube, and X-ray
camera. Start the XRAS software by double-clicking the icon on the desktop and then
selecting the ‘Yes, initialize all’ button. The XRAS software has windows for each of
the systems which operate in two modes: Status and Tool modes. Figure D.3 shows the
XRAS software window. Initially all systems are in the status mode. The status mode is
simply for monitoring the systems while the tool mode is used for operating the systems.
There are several options for changing from the status to tool mode for each system. The
D-4
Figure D.4 XRAS system tools consist of the (a) Motor Tool (Shift + F2), (b) X-Ray
Tool (Shift+ F3), and (c) X-Ray Camera Tool (Shift+ F5)
‘Tools’ dropdown menu, toolbar icons, and shortcut keys may be used (shortcut keys for
each tool are shown in the respective sections below). The ‘Close’ button, or pressing
‘Esc’ exits the tool and reopens the status window. Note: Only one Tool can be used at
a time. The use of the system tools, which are shown in Figure D.4 is outlined in the
following sections.
Motor tool
The Motor Tool shown in Figure D.4(a) controls the movements of the X,Y,Z axes. The
shortcut key for switching to the Motor Tool is Shift+F2. To move an axis simply type
in the Set-point and click the ‘Move Axis ’ button (Axis being X, Y, or Z. The movement of
the axis is shown by the Actual position indicator. Note: All Set-Points must be a positive
value. The positive direction of the X-axis is to the right when facing the chamber, Y-axis
is upward, and Z-axis moves the camera towards the front of the chamber. Only one axis
may be moved at a time.
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Figure D.5 X-Ray Tool while in operation
X-Ray tool
The Motor Tool shown in Figure D.4(a) controls the movements of the X,Y,Z axes. The
shortcut key for switching to the Motor Tool is Shift+F2. To move an axis simply type
in the Set-point and click the ‘Move Axis ’ button (Axis being X, Y, or Z. The movement of
the axis is shown by the Actual position indicator. Note: All Set-Points must be a positive
value. The positive direction of the X-axis is to the right when facing the chamber, Y-axis
is upward, and Z-axis moves the camera towards the front of the chamber. Only one axis
may be moved at a time.
X-Ray camera tool
The X-Ray Camera Tool shown in Figure D.4(c) controls the X-ray image acquisition
system. Images can be captured here, or using the Scheduled Tasks Tool described in the
following section. To capture an image using the X-Ray Camera Tool simply press the
‘Record’ button after adjusting ‘Integration time’ to the desired period. The ‘Record &
save options’ allow for continuous recording of a specified number of images, which may
either be simply monitored in the Image window or saved to a folder for further analysis.
Images will be saved as ∗.raw files with size 252x256 pixels, using little-endian byte order,
and without a header. Further details on one option for using these image files is found
in Section D.
Figure D.6 X-Ray warning sign appears and blinks at the top of the screen when X-rays
are being produced
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Figure D.7 X-ray tool can be closed by clicking ‘Yes’ without turning off the X-ray tube
Scheduled tasks and movement files
Scheduled tasks are used to complete more complicated measurements which may involve
movements to capture images at various locations of a specimen. Figure D.8 shows the
Scheduled Task window with the drop-down menu used to create, edit, and run tasks.
This drop-down menu is accessed by simply right-clicking inside the Scheduled Task win-
dow. As measurements are often repeated at the same locations at different times, once
a task has been created the ‘Export Task To File. . .’ button can be used to save the task
and then recall it by using ‘Import Task From File. . .’. By pressing the ‘Enable Task’
button a disabled task is enabled and can be run immediately by pressing the ‘Run Now!’
button. The process of creating a task is outlined in Figure D.9 and in the following
paragraph.
After right-clicking to show the drop-down menu and selecting ‘New Task. . .’ Figure
D.9(a) appears and general information is input, including the user’s initials and a de-
scription of the task. The ‘Disabled’ box should typically be checked. Figure D.9(c) shows
that a specific time and date may be set for measurements; however, typically it is better
to set that time to a future date then enable and run the task as previously described.
Reasons for not using the ‘Date & Time’ tab to start the task include: measurements
must start at least one minute after the current time and if multiple tasks are scheduled
there is a danger of overlapping times. If the user would rather allow the ‘Date & Time’
tab to initiate tasks, the ‘Disabled’ box must NOT be checked.
Figure D.8 Scheduled Tasks window with drop-down menu which is accessed by right-
clicking inside the window.
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Folders are specified for storage of images and a log file in the ‘Files’ tab shown in Figure
D.9(b). A base folder is selected for the images; however, images from individual mea-
surements will be stored in a separate subfolder named based on the measurement time.
The logfile should be stored in the same base folder with a ∗.log file suffix.
As previously mentioned the start time and date may be specified in the ‘Date & Time’
tab (Figure D.4(c)); however, it is recommended to set this time to a future date and
initiate measurements manually.
The ‘Measurement Points’ tab shown in Figure D.9(d) is used to specify the locations at
which images are taken during the task. Typically, the ‘Import of File’ option is used to
control movements. This file must first specify the total number of images taken followed
by the relative movement from the ‘Start Point’ for each image. An example movement
file, properly formatted, in which 5 images are recorded at each of two locations is given
as follows:
10
(0.0,0.0)
(0.0,0.0)
(0.0,0.0)
(0.0,0.0)
(0.0,0.0)
(10.0,0.0)
(10.0,0.0)
(10.0,0.0)
(10.0,0.0)
(10.0,0.0)
Scripts appear in Section D for creating movement files which serpentine from top to
bottom or side to side. Note: It should be considered during the creation of movement
files that movements in the X-direction are 10 times more rapid than the Y (i.e., min-
imize movements up and down). Most typically movements in the Z-axis are not used,
therefore check the box labeled ‘Do not use Z-axis.’ If Z-movements are used, the move-
ment file must include a third column specifying such movements. Warning: When
using movement files during X-ray generation, it must be insured that AT
ALL TIMES either the specimen or adequate shielding is placed between the
X-ray source and camera to prevent damage to the camera.
The X-ray settings are entered in the ‘X-Ray’ tab shown in Figure D.9(e). For dark cur-
rent measurements simply enter 0 for voltage and current. As previously discussed, it is
recommended to ‘Let XRas determine the warm-up time’ for the X-ray.
Finally, the X-ray camera settings are entered in the ‘X-Ray Camera’ tab shown in Figure
D.9(f). The only setting to be changed here is the integration time. The ‘Use already
loaded calibration (if any)’ box should remain checked.
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Figure D.9 The process to create a new task includes (a) ‘General Information’, (b) spec-
ification of locations of ‘Files’, (c) starting ‘Date & Time’, (d) ‘Measurement
Points’, (e) ‘X-Ray’ settings, and (f) ‘X-Ray Camera’ settings.
Advanced operation
Warning: The term ‘Advanced’ indicates that the user is very familiar with
the basic operation of the system, is aware of possible dangers during the
D-9
calibration process, and has taken the appropriate initial measurements for
re-calibration of the camera.
Camera calibration
Calibration of the camera helps to provide more accurate measurements as it is possible
to remove the dark current, allowing for longer integration times. Calibration should be
completed at the voltage used for actual measurements and across a range of currents
including the current used for actual measurements. In order to ascertain these values
initial measurements must be taken to determine settings that provide a maximal contrast
in the measured states (e.g., wet versus dry) while minimizing variability in these mea-
surements. One possible way to assess the contrast in measurements caused by condition
variation (e.g., wet condition versus dry condition) without sacrificing a specimen is to
place a reasonable thickness of water or wedge of water between the specimen and the
X-ray source such that the X-ray beam intersects both the water and the specimen as a
composite.
If the specimen material to be measured is homogenous, then calibration may proceed
using this material. However, if the specimen material is heterogenous (i.e., concrete or
mortar), a stand-in homogenous material (i.e., aluminum) must be selected which has
a similar X-ray absorption behavior. The thickness of the stand-in material should re-
sult in an average X-ray intensity similar to that of the specimen material. Calibrations
should then be conducted with this stand-in material. Warning: The stand-in mate-
rial should be tested using XRAS to insure the X-ray intensity reaching the
camera at the highest energy settings will not damage the camera. During
calibration, X-rays will be produced for upwards of 3 minutes at each energy
setting, which may cause damage to the camera if care is not taken.
Calibration of the camera is completed outside of the XRAS software, using the AJAT
X-Ray Imaging software (AJAT). This software is not capable of controlling the motors
which move the X,Y,Z axes, therefore these locations must be set using XRAS prior to
opening AJAT. Open XRAS as normal, move to the desired location, and close XRAS
without moving the axes back to 0. Note: Both XRAS and AJAT communicate with the
camera, therefore it is not possible to run both programs at the same time.
After all initial measurements and proper placement of the camera and X-ray source the
calibration procedure is as follows.
1. In the AJAT software shown in Figure D.10 select Tools → Calibration.
2. The window shown in Figure D.12 appears and the settings shown in the figure
should be selected, except for the voltage, minimum and maximum current, which
must be selected by the user based on initial measurements.
3. Before calibration, the control of the X-ray system must be switched. Figure D.11
shows the control panel for the X-ray. For calibration the ‘X-Ray Control’ must be
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Figure D.10 (a) AJAT software window, (b) use Tools → Calibrate to calibrate camera.
set to ‘Local’ (rather than remote which is required for the XRAS software).
4. The target voltage and current are then set using the dials. The voltage should be
set at 40 kV initially (pressing the ‘kV Preset’ button will show the current level
in the digital gage). The voltage dial calibration is slightly off; therefore 40 kV is
typically reached when the top number of the dial reads 3 and bottom 2. Initially,
the current should be set to 50 µA (Note: the units on the control panel are mA,
50µA = 0.05 mA. The maximum current of the system if 500 µA (0.50 mA), and
the current dial is calibrated such that one complete turn of the dial is 10% of the
maximum (1 complete turn of the dial equals 0.50 µA).
5. Upon reaching these settings, press the black ‘X-RAY ON’ button. The voltage is
then increased to the required setting in kV steps by slowly turning the dial such
that the voltage increases 5 kV per 15 seconds, and then waiting 10 seconds.
6. After reaching the desired voltage set the current back to 0 and begin the calibration
by clicking ‘Calibrate’ in the calibration window (Figure D.12).
Note: It is vital to the quality of the calibration that low currents are used during calibra-
tion. Therefore the minimum current must be zero. Additionally, the X-ray should not
be ‘cold’ during calibration, in other words the X-ray should be used for approximately 1
hour immediately before calibrating.
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Figure D.11 Control panel for manual operation of the X-ray system. (Author’s photos)
To perform the calibration, follow the on-screen instructions, which will ask you to change
the current settings prior to the software automatically capturing a series of images. Al-
low time for the current and voltage to stabilize before proceeding to the image captur-
ing. After images are captured at all current settings the software will automatically
proceed to a calibration finalization, which requires a mask file. Use the file entitled
darkX 00000190.dat located at C:\Program Files\DIC for the finalization.
Figure D.12 Calibration performed in this window with settings and options shown with
the desired voltage and current settings.
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Figure D.13 ImageJ main window.
Analysis with ImageJ
ImageJ is a powerful open script image analysis program, available for free download at
rsb.info.nih.gov/ij/, which has been used for analysis of images captured in the X-ray
system. ImageJ utilizes Java, and therefore may take some more time to open on PC’s
than most programs. Typically after opening ImageJ once it will open much faster sub-
sequently. The following section provide instruction for many operations commonly used
for manipulating images.
Figure D.13 shows the main ImageJ window. Images captured with the X-ray system
will be saved as a ∗.raw file, which is imported into ImageJ. If images were captured at a
single location, the easiest way to import and average the images is through the following
procedure (also shown in Figure D.14):
1. Click ‘File’ → ‘Import’ → ‘Raw. . .’ to open the window shown in Figure D.14(a).
2. Select a single image from the desired folder.
3. The ‘Import. . .’ window shown in Figure D.14(b) will open. Insure the width is 252,
height is 256, offset and gap is 0, and number of images is 1. These values should
appear automatically.
4. Check the box entitled ‘Open All Files in Folder’ in this window and click ‘OK.’
5. The images will be imported as a stack as shown in Figure D.14(c). The scroll bar
at the bottom of the image is used to view all images.
Typically, the stack of images are several images captured at the same location; therefore,
they should be averaged into a single image. To do this the following procedure is used:
1. Click ‘Image’→ ‘Stacks’→ ‘Z Project’ to open the window shown in Figure D.15(b).
2. Select the start and stop slice (default is the first and last image, respectively) and
select the ‘Projection Type’ desired. In this case ‘Average Intensity’ is selected
although many options are available.
3. Click ‘OK’
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Figure D.14 To import ∗.raw images into ImageJ click ‘File’→ ‘Import’→ ‘Raw. . .’ then
(a) select a single ∗.raw image from the desired folder, (b) provide details on
the images and check the ‘Open All Files in Folder’ option, (c) the stack of
images is imported in a new window.
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Figure D.15 Other commonly used tools are (a) the ‘Image Calculator’ accessed through
‘Process’→ ‘Image Calculator. . .’, (b) ‘ZProjection’ accessed through ‘Image’
→ ‘Stacks’ → ‘Z Project. . .’, and (c) ‘B& C’ accessed through ‘Image’ →
‘Adjust’ → ‘Brightness\Constrast. . .’ or simply Ctrl + Shift+ C.
An picture of the average intensity of all images appears in a new window.
Other commonly use tools in ImageJ are shown in Figure D.15. The ‘Image Calculator’ is
shown in Figure D.15(a) which is accessed by clicking ‘Process’ → ‘Image Calculator. . .’.
This tool is used to perform arithmetic on two images (e.g., determining the differ-
ence in images from a wet and a dry specimen). Figure D.15(b) shows the ‘ZPro-
jection’ tool, which was previously described. The ‘B&C’ window shown in Figure
D.15(c) controls the brightness and contrast of the image. This tool is most easily ac-
cess by pressing ‘Ctrl + Shift + C’ however it is also located at ‘Image’ → ‘Adjust’ →
‘Brightness\Constrast. . .’ in the main ImageJ menu. Finally, measurements can be taken
of entire images or selected sections of images by pressing ‘Ctrl +m.’ To set the desired
measurements click ‘Analyze’ → ‘Set Measurements. . .’ to open the window shown in
Figure D.16 and check the boxes next to the desired measurements.
If more complex measurements are taken with the X-ray system, which involve movements,
there are several programs which have been created to facilitate reconstructing these
individual images into a clear picture in ImageJ. These programs are stored in the X-ray
system computer at ‘C:\Documents and Settings\X-ray\Desktop\Matlab and ImageJ
files’. They are compiled Java programs (∗.class files) which may be added to ImageJ by
placing them into the plugins folder. The next time ImageJ is open the programs can be
accessed in the ‘Plugins’ menu. To use these programs follow the on-screen commands.
Note: The movement file used for these programs is formatted the same was as the X-ray
system. The Y-movements however must have the opposite sign for use with ImageJ.
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Figure D.16 To set measurement options click ‘Analyze’ → ‘Set Measurements. . .’ and
press Ctrl +m to complete measurements.
Matlab and Java scripts
In this section user defined programs used in Matlab and ImageJ are presented. The first
section includes programs for creation of simple movement files, followed by programs
used for analysis with ImageJ.
Programs for movement file creation
The following script creates a movement file entitled ‘exp.txt’ which serpentine’s from
side to side.
function ss xray movement(P,X,Y,dx,dy)
% Function to create a side to side serpentine rectangular movement file
% for the X-ray system
% Script Author: Brad Pease
%
% P = Number of pictures to be taken at each location
% X = Number of Rows
% Y = Number of Columns
% dx = Height Movement
% dy = Longitudinal Movement
fid = fopen(‘exp.txt’, ‘wt’);
NmrOfPics = P∗X∗Y;
fprintf(fid,‘%.0f\n’,NmrOfPics);
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x axis = 0;
y axis = 0;
for j=1:Y
for k=1:X
for l=1:P
if mod(j,2)==1
x = (k-1)∗dx;
elseif mod(j,2)==0
x = ((X-1)∗dx)-(k-1)∗dx;
end
y = y axis;
fprintf(fid,‘(%.1f,%.1f)\n’,x,y); % Creates XRAS movement file
%fprintf(fid,‘%.1f\t%.1f\n’,x,y); % Creates tab delimited file
end
end
k = 1;
y axis = j∗dy;
end
fclose(fid);
The following script creates a movement file entitled ‘exp.txt’ which serpentine’s from top
to bottom.
function tb xray movement(P,X,Y,dx,dy)
% Function to create a top to bottom serpentine rectangular movement file
% for the X-ray system
% Script Author: Brad Pease
%
% P = Number of pictures to be taken at each location
% X = Number of Rows
% Y = Number of Columns
% dx = Height Movement
% dy = Longitudinal Movement
fid = fopen(‘exp.txt’, ‘wt’);
NmrOfPics = P∗X∗Y;
fprintf(fid,‘%.0f\n’,NmrOfPics);
x axis = 0;
y axis = 0;
for j=1:X
for k=1:Y
for l=1:P
if mod(j,2)==1
y = (k-1)∗dy;
elseif mod(j,2)==0
y = ((X-1)∗dy)-(k-1)∗dy;
end
x = x axis;
fprintf(fid,‘(%.1f,%.1f)\n’,x,y); % Creates XRAS movement file
%fprintf(fid,‘%.1f\t%.1f\n’,x,y); % Creates tab delimited file
end
end
k = 1;
x axis = j∗dx;
end
fclose(fid);
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Programs for analysis
The X,Y-coordinates in ImageJ are simply pixel numbers; however, scaling and translat-
ing the coordinates to actual distances is necessary for analysis. The following Matlab
program scales the pixels numbers to distances and set the origin to a user specified
location.
function scale axes(File,NoPix,Dist,Xcenter,Ycenter)
% ScriptAuthor: Brad Pease
% Function to scale and shift the x and y axes data in .txt files created
% using ImageJ’s Save XY Coordinates tool. Use this program scale the
% pixel numbers to actual distances. The data must be arrange in the
% following order will automatically be if using ImageJ:
% X-Position Y-Position Pixel Value
% 0 0 100
% 0 1 250
% 0 2 120
%
.
.
.
.
.
.
.
.
.
% m n z
scale = Dist / NoPix; % x mm / pixel
Xzero = Xcenter;
Yzero = Ycenter;
% Creates an output file for scaled data
fid = fopen(‘output.txt’, ‘wt’);
% Opens input data file
data source = fopen(File, ‘r’);
% Loop to read, convert and write data to output file
while ~feof(data source)
line = fgetl( data source );
[Xpix, Ypix, Z] = strread( line );
NewX = (Xpix - Xzero) ∗ scale;
NewY = (Ypix - Yzero) ∗ scale;
fprintf(fid,‘%g\t%g\t%g\n’,NewX, NewY, Z);
end
fclose all;
beep
beep
end
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Reinforced concrete is known to crack due to restrained hygral/thermal shrinkage, various expansive 
reactions, and the application of mechanical load. Cracks provide a path of least resistance for ingress of 
aggressive substances that may cause rapid reinforcement corrosion initiation.
This study focused on establishing possible links between concrete fracture mechanics and ingress and 
reinforcement corrosion behaviors. Experimental observations from epoxy impregnated concrete cracks, 
x-ray attenuation measurements, a specially designed instrumented rebar, and other techniques are 
reported. Results indicate ingress and corrosion initiation may be linked to concrete fracture mechanics.
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